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ABSTRACT 
Joumana Abou Nahra 
Doctor of Philosophy Bioresource Engineering 
Modeling Phosphorus Transport in Soil and Water 
The main objective of this project was to investigate and model 
phosphorus (P) transport in soil column studies. A model named HYDRUS-NICA 
was developed, by coupling a hydrologïcal and transport model (HYDRUS-ID 
model) with an aqueous chemical model (non-ideal competitive adsorption -
NICA), to improve the predictions of P transport in soil and water. The 
HYDRUS-NICA model was developed by replacing the non-linear empirical 
(Freundlich and Langmuir) equations of the HYDRUS-ID model with the NICA 
model equations. The numerical accuracy ofthe HYDRUS-NICA model was then 
evaluated by comparing the relative errors produced by the HYDRUS-NICA and 
HYDRUS-ID models. The results showed that the numerical schemes of the 
HYDRUS-NICA code are stable. 
The ability of the NICA model to describe phosphate (P04) adsorption to 
soil particles was tested using soils collected from agricultural fields in southem 
Quebec. The surface charge and P04 adsorption capacity of these soils were 
measured. Results were used to estimate the NICA model parameters using a non-
linear fitting function. The NICA model accurately described the surface charge 
of these soils and the P04 adsorption processes. 
The HYDRUS-ID model was applied to simulate water flow and P04 
transport in re-constructed soil column experiments. The HYDRUS-ID model 
was calibrated based on physical and chemical parameters that were estimated 
from different experiments. Overall, the HYDRUS-ID model successfully 
simulated the water flow in the columns; however, it overestimated the final 
adsorbed P04 concentrations in the soil. The discrepancies in the results suggested 
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that the HYDRUS-ID model could not account for the differences in the soil 
structure found in the columns, or that the Freundlich isotherm could not 
adequately describe P04 adsorption. 
The HYDRUS-NICA model was calibrated and validated with results 
from re-packed column experiments. The simulated results were then compared 
with results obtained by the HYDRUS-ID mode!. The overall goodness-of-fit for 
the HYDRUS-ID model simulations was classified as poor. The HYDRUS-NICA 
model improved significantly the prediction of P04 transport, with the coefficient 
of modeling efficiency values being close to unity, and the coefficient of residual 
mass values being close to zero. The HYDRUS-NICA model can be used as a tool 
to improve the prediction ofP04 transport at the field scale. 
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RÉSUMÉ 
Joumana Abou Nahra 
Doctorat en génie Génie des bioressources 
Modélisation du transport du phosphore dans le sol et l'eau 
L'objectif principal de cette recherche était de décrire et de modéliser le 
transport du phosphore (P) dans des essais de colonnes de sol. Dans ce cadre, un 
modèle mathématique a été conçu pour étudier le transport du P dans les sols, 
dans des conditions de saturation variables. Ce modèle vise à dépasser les limites 
imposées par les modèles de transport du P existants, en couplant un modèle 
chimique aqueux (le modèle NICA) à un modèle hydrologique (le modèle 
HYDRUS-ID). Le modèle HYDRUS-NICA a été développé en remplaçant les 
équations d'adsorption non-linéaire (Freundlich et Langmuir) du modèle 
HYDRUS-ID par les équations du modèle NICA. L'efficacité numérique du 
modèle a été évaluée en comparant les erreurs relatives produites par le modèle 
HYDRUS-NICA et à celles produites par le modèle HYDRUS-ID. Les résultats 
ont prouvé que les analyses numériques du code de HYDRUS-NICA sont stables. 
La capacité du modèle NICA à décrire l'adsorption des phosphates (P04) 
sur les particules de sol a été évaluée en utilisant des sols prélevés dans des 
champs agricoles du sud du Québec (Canada). Pour ce faire, une caractérisation 
physico-chimique des sols sélectionnés ad' abord été effectuée. Les résultats de 
ces expériences ont servi à l'estimation des paramètres et à la calibration du 
modèle NICA. Une fois calibré, ce dernier a décrit l'adsorption des P04 dans les 
sols de manière très satisfaisante. 
Le modèle HYDRUS-ID v.3.00 a été utilisé pour étudier l'écoulement de 
l'eau et le transport des P04 dans les sols. Des expériences physiques et chimiques 
ont d'abord été menées pour estimer les paramètres exigés par le modèle 
HYDRUS-ID. Par la suite, des essais de colonnes unidimensionnels ont été 
effectués avec des sols non remaniés pour valider le modèle HYDRUS-ID. En 
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moyenne, le modèle a estimé la composante «pertes» du bilan hydrique d'une 
manière satisfaisante par rapport aux résultats expérimentaux, tandis que les 
concentrations de P04 adsorbés ont été surestimées. La corrélation faible entre les 
résultats simulés et mesurés pour le transport des P04 porte à conclure que le 
modèle HYDRUS-ID est incapable de tenir compte de la structure hétérogène du 
sol des colonnes de sol non remanié et/ou que l'isotherme de Freundlich ne peut 
pas décrire avec justice l'adsorption des P04 sur les particules de sol. 
Le modèle HYDRUS-NICA a été calibré et validé à partir de données 
obtenues d'essais de colonnes unidimensionnels avec des échantillons de sol 
homogènes. Les résultats simulés avec le modèle modifié ont été comparés aux 
résultats obtenus avec le modèle HYDRUS-ID. En général, la fiabilité des 
simulations du modèle HYDRUS-ID était considérée comme faible. Le modèle 
HYDRUS-NICA a démontré une meilleure capacité à décrire le transport des P04 
dans les colonnes de sol homogènes, avec un coefficient d'efficacité de 
modélisation près de l'unité, et le coefficient des écarts cumulés près de zéro. Le 
modèle HYDRUS-NICA pourrait donc être utilisé comme outil pour améliorer la 
prédiction du transport des P04 dans le sol et l'eau sur le terrain. 
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CHAPTER 1: General Introduction 
1.1 BACKGROUND 
Degradation of freshwater quality, both surface water and groundwater, 
have mainly been attributed to mismanagement. The nature of water pollution 
could be biological, chemical, physical, or a combination of these. The sources of 
pollution in rivers vary and include municipal waste (effluents from treatment 
plants), industrial dis charges (wastewater discharges, air emissions, and solid 
waste disposaI), agricultural loading, aquaculture and fisheries enhancement 
activities, forest management practices, and atmospheric transport and deposition. 
These different types of pollution have drastically increased the supply of micro-
organisms (bacteria and parasites), nutrients such as nitrogen, phosphorus, copper, 
magnesium, iron, and other hazardous compounds to freshwater ecosystems. 
Municipal and industrial effluents can be easily controlled and restricted at their 
end of the pipe source. Whereas agricultural effluents pose a serious risk because 
they contribute to the pollution from non-point sources, and are difficult to detect 
and manage (USEPA, 2003). In southem Quebec (Canada), non-point source 
(NPS) pollution from agricultural watersheds highly contributes to water 
degradation in rivers and lakes. NPS pollution, from these watersheds, is parti Y 
due to elevated concentrations of phosphorus (P) as a result of continuous 
application of fertilizers. These elevated concentrations are greater than 0.03 mg 
L-1 in fresh waterways and aquatic systems, exceeding provincial norms (MENV, 
2006). Therefore, P can be classified as a contaminant. 
Phosphorus poses a major environmental problem due to its high 
contribution to eutrophication of fresh water bodies. Eutrophication is a condition 
of an aquatic ecosystem where high nutrient concentrations, such as nitrogen and 
phosphorus, stimulate algal blooms, degrading the water quality in these aquatic 
ecosystems (Ritter and Shirmohammadi, 2001). Phosphorus, by nature, strongly 
adsorbs to the soil forming stable bonds with the soil functional group (Sposito, 
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1982). The soil acts as a sink that traps P molecules found in the soil solution 
(Sharpley et al., 1981; 1984). As a result, it was believed that P transport through 
the subsurface runoff and matrix flow was negligible, and P loss from the field 
was mainly restricted to surface runoff. Recent research has shown that a 
considerable load of P in fresh water bodies is attributed to subsurface runoff 
from artificially drained fields, especially in southern Quebec (Enright and 
Madramootoo, 2003; Simard, 2005). The reason behind these contradicting results 
is that under intensified application of inorganic P, the equilibrium of these soils 
in fixing P shifts causing an increase in P desorption, and as a result an increase in 
P concentration in solution is observed. Consequently, these elevated P 
concentrations in solution get transported down the soil profile by matrix flow or 
subsurface runoff (Sharpley, 1995b). Furthermore, P could be transported as well 
down the soil profile through macropore flow, especially in clayey soils (Stamm 
et al., 1998; Hooda et al. 1999). Accordingly, water-quality monitoring stations 
have been established on four fields in southern Quebec since 2001 to quantify P 
transport through subsurface and surface runoff in tile drained fields (Gollamudi, 
2006). However, the results obtained from these stations do not provide 
information on the transport pathway and mechanisms of P in the soil profile. To 
improve the understanding of P transport and behaviour in the soil profile through 
subsurface runoff or matrix flow, this research aims at modeling P transport in the 
subsurface through matrix flow under variably saturated soil conditions. The main 
objective is to describe the distribution and the mechanisms of P transport in the 
soil profile. 
1.2 HYPOTHESIS 
Several hydrologïcal models have been developed to simulate water flow 
and contaminant transport in the soil-water environment. These models include 
SWAP (Kroes et al., 1999), VS2DT (Lappala et al., 1993), and HYDRUS-1D 
(Simunek et al., 2005), yet they are not specialized in describing the mechanism 
of P adsorption and transport in the soil; they portray P adsorption through 
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empirical models and result in inadequate prediction of the P adsorption and 
transport (Sparks, 2003). To improve the prediction of P transport in the soil and 
water, 1 propose to couple a chemical aqueous model with a hydrological-
transport model to dynamically predict P transport in the soil profile. 
For this research, the HYDRUS-1D (ver.3.00) model (Simunek et al. 2005) 
was applied to simulate P transport in the soil-water environment. HYDRUS-1D 
utilizes stable numerical solutions; it utilizes finite difference to integrate in time 
finite element analysis to integrate in space, which takes care of irregularly 
shaped boundaries and fluctuating boundary conditions. Furthermore, the 
HYDRUS-1D model has been successfully applied to simulate water flow and 
solute transport in several agricultural fields (Pang et al., 2000; Ventrella et al., 
2000). However, the HYDRUS-1D model utilizes the empirical models 
(Langmuir and Freundlich isotherms) to describe nutrient/P adsorption to the soil. 
The disadvantage of empirical models is that they provide parameters that are 
only appropriate to conditions under which the experiment was conducted; their 
application constitutes essentially a curve fitting procedure, and the estimated 
parameters are unknown function of the soil pH and ionic strength of the solution. 
(Goldberg and Sposito, 1984). As an alternative, the non-ideal competitive 
adsorption (NICA) model was proposed to describe P adsorption onto the soil 
particles. The NICA model (Koopal et al., 1994) represents an improvement over 
other empirical models of adsorption. It describes the adsorption of dissolved 
substances, in relation to the competitive non-ideal behaviour of other substances 
in the soil aqueous solution, while considering the pH and the ionic strength. 
Therefore, by coupling the NICA (chemical) model with the HYDRUS-1D 
(transport) model, it should improve the estimation of P transport in the soil 




This research's main aims are to test the capability of the HYDRUS-ID 
model in modeling P transport in the soil, and to deve10p a mode1, named the 
HYDRUS-NICA model, to overcome limitations of CUITent soil P mode1s. The 
HYDRUS-NICA model is a dynamic, mechanistic, distributed, one-dimensional 
mode1 to portray P distribution and transport along the soil profile. This model 
will serve as a tool to depict P transport in the soil-water environment. 
The main objectives ofthis study were to: 
1. Design and build the HYDRUS-NICA mode1, and verify its code. 
2. Conduct physical and chemical experiments to estimate and derive the 
different parameters needed by the HYDRUS-ID mode1 and by the NICA 
model. 
3. Calibrate and validate the NICA mode1 in modeling P adsorption to the 
soi!. 
4. Calibrate the HYDRUS-ID and HYDRUS-NICA mode1s based on the 
experimental results. 
5. Conduct re-constructed soil column experiments, and use the results to 
validate the HYDRUS-ID model. 
6. Conduct re-packed column experiments, and use these results to validate 
both the HYDRUS-NICA and HYDRUS-ID models. 
1.4 SCOPE 
The model will be validated and calibrated with results obtained from 
laboratory experiments. Parameters needed by the model will be estimated 
independently from physical and chemical experiments (adsorption and titration 
experiments). The model will be validated against results obtained from re-packed 
and re-constructed soil column experiments. These column experiments will 
simulate the transport and reaction processes of P under steady-state and vaiably 
saturated consitions, respectively. The soils tested in aIl the experiments are 
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sampled from a field located in southern Quebec (Canada), on the Pike River 
watershed, near the town of Bedford. The field covers an area of approximately 8 
ha. The Pike River is considered a sub-watershed of the Richelieu River and is 
one of the primary tributaries that drain into the Missisquoi River. Its drainage 
basin covers an area of629 km2 (Caumartin and Vincent, 1994). 
1.5 THESIS OUTLINE 
This thesis has been written as a series of manuscripts, each contributing 
to the objectives stated above. Chapter 2 presents a literature review on the 
chemistry of P, chemical adsorption models, hydrology and contaminant transport 
pathways, and water quality and solute transport models. After which, five 
sequential manuscripts are presented. Chapter 3, the first manuscript, describes 
the methodology of developing the HYDRUS-NICA model and its code 
verification. Chapter 4 investigates the ability of the NICA model in modeling P 
adsorption to the soi!. Chapter 5 estimates the parameters required by the 
HYDRUS-ID model to model P transport in undisturbed soil columns. The 
following, Chapter 6, calibrates and validates the HYDRUS-ID model to model P 
transport in undisturbed soil columns. Chapter 7 examines the ability of the 
HYDRUS-NICA model in simulating P transport in re-packed soil columns. 
Chapter 8, summarizes the significant results attained, and provides 
recommendations and suggestions for future studies based on the conclusions 
drawn from this thesis. The final chapter, Chapter 9, presents the different 
contributions to the knowledge acquired by this study. 
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CHAPTER 2: Literature Review 
2.1 INTRODUCTION 
The use of computer models to predict phosphorus (P) contamination in 
surface and subsurface waters requires an inclusive description of P inputs, 
dynamics, transport, and losses from the soil-water environment (Haygarth and 
Sharpley, 2000). Thus, the main focus will on P behaviour in soil and water, and 
its consequence of the enevironment. The significance of P pollution from 
agricultural non-:point sources (NPS) to surface waters has b~en an environmental 
concem for researchers and investigators in the past decades, due to its 
contribution to eutrophication, making the water unsuitable for drinking, 
industrial, recreational uses, and for fisheries (Sharply and Menzel, 1987). 
Eutrophication is a pro cess in which a water body becomes rich in dissolved 
nutrients, often leading to algal blooms, low dissolved oxygen, and changes in the 
composition of plants and animaIs within the water body. Even low levels of P 
(0.01 mg L-1) in drinking water pose serious long-term effects on human health 
(WHO, 2004). Furthermore, P concentrations in major rivers in southem Quebec 
exceed water quality norms (> 0.03 mg L-1) (MENV, 2006; Giroux and Tran, 
1996). This is mainly a result of the shift towards intensified and specialized 
agriculture (MENV, 2006), the increase in application of organic and inorganic 
nitrogen and P, including manure disposaI on land to increase crop productivity. It 
has been believed that P is mainly lost from the field by surface runoff and soil 
erosion (Gollamudi, 2006; Simard, 2005). However recent studies have shown 
that a considerable portion of total P added to the field is lost through sub-surface 
runoff (Sims et al., 1998). Monitoring stations were installed to survey water 
quality from tile drained fields in southem Quebec. Results have shown that more 
than 40% of total P lost from the field is through subsurface runoff of tile drains 
fields (Simard, 2005; Gollamudi, 2006). These results indicate that P transport in 
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sub-surface runoff is significant, but the transport pathway and mechanism is not 
very c1ear. 
As a result, the emphasis of this study is on P transport through subsurface 
runoff. This chapter presents the major aspects of P chemistry, transport, and 
modeling in the soil-water environment. First, it provides a review of P chemistry 
and behaviour within the soil environment. Second, it introduces the different 
chemical models established to describe P adsorption phenomena. Third, it 
describes the hydrology and solute transport processes in the soil-water 
environment. And finally, it presents a discussion of various water quality 
transport models, and their applicability in predicting transport of P through 
matrix flow. 
2.2 THE CHEMISTRY OF PHOSPHORUS 
Phosphorus is one of the essential nutrients needed for crop growth; it is 
the second key plant nutrient (Miller and Donahue, 1990). Phosphorus exists in 
organic and inorganic forms within the soil. Major sources of inorganic P in 
agricultural fields are inorganic fertilizers, while the main sources of organic P are 
animal manure. Phosphorus interacts with soil partic1es in its exchangeable form, 
known as orthophosphate (McBride, 1994). The different forms of 
orthophosphoric acid that can exist in the soil solution are H3P04, H2P04-1, HP04-
2, and P04-3. The availability of the different forms is dependent on pH; however, 
at the pH of the soil, P04-3 has the strongest binding affinity to the soil (McBride, 
1994). Organic P forms inc1ude relatively labile phospholipids, inositols and 
fulvic acids, and the more resilient forms are humic acids. 
The different phosphate (P04) anions in solution are attracted to positively 
charged sites, on the surface of soil partic1es, according to the soil anion exchange 
capacity (AEC). Soils that develop positive charges are soils rich in Fe, Al, Ca 
oxide mineraIs, and layers of silicates; these positive charges can occur as well on 
the edges of broken octahedral sheets. The AEC of various hydroxide mineraIs is 
dependent on the pH and electrolyte concentrations of the surrounding medium, 
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which might lead to a competition among different anions in the soil solution. The 
pH dependent charges arise from associations and disassociations of potential 
determining ions OH-IH+. It aIl depends on the zero point charge (ZPC) of the soil. 
The ZPC is the pH at which the soil has no charge. For example if the pH is less 
than the ZPC then soil particles will develop positive charges on their surface and 
vice versa (Tan, 1998). 
Phosphate (P04) anions can also adsorb to the surface of the soil particle 
through specific adsorption reactions (non-electrostatic forces) and/or precipitate 
in the soil aggregates (Evangelou, 1998). Sposito (1989) defines P04 specific 
adsorption as inner-sphere surface complexation, and Tan (1998) defines it as 
ligand exchange or chemisorption. The specific adsorption reaction is the 
formation of covalent bonds in mono-dentate complexes, between the P04 anions 
in solution and the soil metal complexes, while displacing OH- groups on the 
surface of the soil particle (Goldberg and Sposito, 1984; 1985). In acidic 
conditions, P04 anions form covalent bonds with Fe+3, AI+3, and Mn+2 complexes, 
and while in basic soils they form bonds with Ca +2 complexes. In addition, P04 
adsorption (retention) can occur in clay mineraIs that have hydroxyl surfaces. 
Ryden and Syers (1977) defined the P04 precipitation process as more-physically 
adsorbed P, where the P04 anions diffuse further into the soil structure forming 
bi-dentate and bi-nuclear complexes, rendering them more insoluble and the 
reaction tends to be irreversible (Tan, 1998; Goldberg and Sposito, 1985). These 
anions are referred to as the P04 anions that cannot be extracted by di lute acid 
(Tan, 1998). The process ofP04 precipitation is considered to be slow. 
2.3 THE PHOSPHORUS CYCLE 
The P cycle, as indicated by Figure 2.1, describes the interactions and 
transformations of P taking place in an array of physical, chemical, and biological 
processes to determine the different forms of P, their availability for the plant 
uptake, and their transport in surface and runoff and/or leaching (Ritter and 
Shirmohammadi, 2001). According to Figure 2.1, the major sources of P in the 
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soil are inorganic fertilizers directly applied to the field, and organic fertilizers 
introduced as plant residues, animal manure, municipal and industrial waste, and 
rock weathering. Phosphorus is lost from the soil through plant uptake, leaching 
into the vadose zone and groundwater, and/or surface run-off and soil erosion. 
However, P, in the soil-water solution, can exist in several forms: dissolved in 
solution (labile), adsorbed to the soil functional groups (active inorganic P), 
precipitated (stable inorganic P), fresh organic P (freshly added), and stable 
organic P (Matthews, 1998). The concentration and the rate at which P is 
transformed from one form to another are highly complex, and are mainly a 
function of the soil properties, climate conditions, and land use and its 
management. Yet, the different forms of P in the soil are not in discrete entities, as 
intergrades and dynamic transformations occur continuously between the different 
available forms to maintain equilibrium conditions (Sharpley, 1995a). The major 
transformation processes of P in the soil are: mineralization and immobilization, 
precipitation and dissolution, and adsorption and desorption. Weathering, 
mineralization, and desorption increase P availability in solution, while 
immobilization, precipitation, and adsorption decrease P availability in solution. 
Mineralization is the microbial conversion of organic P to P04 ions available to 
the plants, while immobilization occurs when microbes consume fresh plant 
residues and transform P04 ions into organic P. Precipitation is the incorporation 
of P molecules into the solid phase through strong bonds, while weathering 
involves the slow conversion of naturally P-rich mineraI soil to P available to the 
plant. The adsorption process is the fixation (chemisorption) of the P04 ions onto 
the soil surface and is characterized as a fast process, while the desorption process 
is the release of these adsorbed P04 ions back in solution and is usually a much 
slower process. The relation between the adsorption and desorption process is 
controlled by an equilibrium constant. As the concentration of P04 increases in 
the soil solution, the P04 ions spontaneously adsorb to soil charged surfaces to 
restore the equilibrium. In the same way, if the concentration of P04 in solution is 
depleted, the adsorbed P04 ions to the soil surface dissolve back into solution 
according to the equilibrium constant (Tan, 1998; Lindsay, 1979). However, 
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under a continuous increase of P04 ions in solution, the additional P04 ions are 
less strongly bound to the soil resulting in a higher equilibrium of P04 
concentration in solution. Consequently, these e1evated P04 concentrations 
become more prone to be leached down into the soil profile through infiltrating 
water (Sharpley, 1995b). Therefore, it is vital to understand the dynamics between 
the source and the sink passing through an equilibrium state, so as to limit and 
control P impacts on the environment (Ritter and Shirmohammadi, 2001; Jones et 
al., 1984). 
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2.4 EQUILIBRIUM-BASED ADSORPTION MODELS 
Adsorption and desorption are among the most important chemical 
processes in soils affecting P transport and contamination in fresh water 
ecosystems (Johnson and Cole, 1980). Therefore, quantifying the ratio of P 
concentration adsorbed to the soil, to P concentration in soil solution, is a 
mandatory step for modeling P transport. Phosphorus behaviour in soils has been 
extensively described by adsorption equilibrium models which inc1ude empirical 
mode1s and double-layer mode1s. These models describe the re1ationship between 
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the dissolved concentrations of a chemical component (sorbate) in solution, and 
the adsorbed quantity of the same chemical component by the soil aggregates 
(sorbant) at equilibrium for a constant pressure and temperature (Evangelou, 
1998). The empirical models, which inc1ude the Freundlich and Langmuir 
equations, describe P adsorption on a macroscopic level; they do not describe the 
mechanism of P adsorption. The main disadvantage of these equations is that they 
assume the surface of the soil partic1es is and they are not able to predict the 
maximum adsorptive capacity of the soil partic1es(Sparks, 2003). The double 
layer models inc1udes the diffuse double-layer, Stern, and surface complexation 
models. The diffuse double-layer (DDL) model was developed by Gouy (1910) 
and Chapman (1913) based on the theory of electrical diffused double layer 
created by the charged surfaces of the soil surface. The DDL describes adsorption 
processes by assuming that the surface of the soil partic1e is negatively charged, 
and that the counterions are mostly concentrated near the surface, and decrease 
exponentially with increased distance from the surface. Stem modified the Gouy-
Chapman model by identifying a neutrallayer (Stem layer) separating the surface 
charge from the counterions. Both models showed a number of problems in 
describing adsorption reaction at the soil surface. They failed to describe the 
distribution of ions adjacent to the surface of the soil partic1e, and they assumed 
that the charge surface of the soil to be plat y-shape and extremely large, knowing 
that the soil partic1es are complex in shape and vary in size (Sparks, 2003). 
Due to limitations of the Gouy-Chapman and Stem DDL models, the 
surface complexation models (SCM) were introduced to describe the reaction of 
aqueous species with surface functional groups of the soil partic1e surfaces, based 
on thermodynamics properties (Sparks, 1999). According to Evangelou (1998), 
SCM's are considered to be advanced approaches. They quantify the distribution 
of ions in the soil, based on the molecular descriptions of the electric double layer 
that develops around the soil surfaces, in relation to experimental adsorption data. 
Surface complexation models inc1ude five basic models. The main difference 
among these five models is in the way they describe the spatial distribution of 
charges present within the solid-liquid phase of the diffused double layer (BoIt 
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and van Riemsdijk, 1986). A comprehensive description for all five models has 
been presented by Goldberg (1998). These SCM models have generallybeen used 
to describe the pH dependent adsorption of metals and anions at moderate to high 
surface loadings (Tadanier et al., 2000). They define the surface species, chemical 
reactions, and mass and charge balances, to build up a series of reactions with 
related characteristics. Based on these families of reactions, they mathematically 
calculate the values of thermodynamic properties for the soil surfaces such as the 
activity coefficients and equilibrium constants (Goldberg, 1998). The SCM 
represents an improvement over other empirical models of adsorption; the rate-
sorption coefficient they provide take into account the soil texture, the pH, and the 
nature of aqueous species involved (Koretsky, 2000). However, the conditions to 
which SCM are applied are limited and they lack simplicity to apply to any 
system (McBride, 1997). 
2.5 THE NICA MODEL 
A new aqueous chemical model, the non-ideal competitive adsorption 
(NICA) model, is introduced to describe adsorption of ions to heterogeneous 
surfaces of the soil partic1es. The NICA model (Koopal et al., 1994) describes the 
specific adsorption of ions onto charged surfaces, of the soil surfaces, in relation 
to other competing dissolved ions in solution, while taking into account the pH 
and the ionic strength of the solution. The NICA model considers a continuous 
distribution of the heterogeneous surface charge, where the overall non-ideality is 
divided into intrinsic heterogeneity (specific to the binding surface) and ion-
specific non-ideality. The NICA model was originally developed to describe the 
adsorption of metal ions onto organic and humic substances. The NICA model is 
a thermodynamically consistent competitive binding model for heterogeneous 
systems and component specific binding stoichiometry; the derivation of NICA 
equation is fairly simple (Koopal et al., 2001). Kinniburgh et al. (1996) combined 
the NICA model with a Donnan-type model to take into account the non-specific 
binding of electrolyte ions, to produce the NICA-Donnan model. The modified 
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version could describe both specific and non-specific adsorption. The NICA and 
NICA-Donnan models have been successfully applied to describe metal 
adsorption to organic matter. Benedetti et al. (1995) discussed the application of 
the NICA mode1 to describe metal ion binding by humic substances. The NICA 
model provided a good description of the adsorption of H, Ca, Cd, and Cu onto 
purified peat humic acid (PPHA) over a wide range of free metal ion 
concentration. Similarly, Kinniburgh et al. (1999) proved that the NICA-Donnan 
model provides a good fit for the binding of H, Ca, Cd, Cu, and Pb over a wide 
range of pH and free metal concentrations. Milne et al. (2001) derived a generic 
NICA-Donnan model parameter database for proton adsorption by humic 
substances based on 49 data sets. Koopal et al. (2001) further proved that the 
NICA-Donnan model gives good results for the description of metal ion binding 
onto PPHA. Finally, considering the complexity of both systems, and the 
similarity between the nature of metal binding to humic substances and P04 
adsorption to soils (they both form strong covalent inner sphere complexes to the 
charged surfaces they adsorb to), the NICA mode1 should be suitable to describe 
P04 adsorption onto the soil particles. 
2.6 THE WATERCYCLE 
The hydrological cycle provides a model for understanding the global 
water system. Moisture content is lost from the earth to the atmosphere through 
evaporation of water bodies and transpiration of plants. The evaporated water 
condenses in the atmosphere to form clouds. Due to circulating winds and gravit y, 
the clouds release the water back to the earth in the form of precipitation: rain or 
snow. As water reaches the ground leve1, it is intercepted by the plant canopy, 
flows overland, and infiltrates into the soil profile to emerge into surface mnoff, 
subsurface runoff, and/or deep percolation into the groundwater. As a result, the 
earth preserves the mass balance of water (Viessman and Lewis, 1995) 
The different components of the water cycle are quite well established; 
identifying them illustrates the different pathways of contaminant transport to 
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fresh water bodies. Therefore, the pro cesses that affect the transport of P to fresh 
waters are overland tlow, subsurface and surface runoff, and deep percolation. 
Subsurface runoff and deep percolation involve both vertical and lateral tlow. 
Since this study is concentrated on studying P transport in the subsurface layers of 
the soil, the following discussion will include only the different pathways of P 
transport through subsurface runoff. 
2.7 PHOSPHOROUS TRANSPORT AND PATHWAYS 
In order to model the transport of P from the soil matrix to the waterways, 
the mechanisms, pathways, and forms in which P is mobilized must be defined to 
set the basics of this study (Haygarth and Sharpley, 2000). The different forms of 
P found in the soil-water pathways have been discussed in the previous sections. 
The three mechanisms or processes by which P is transferred into waterways are 
dissolution, incidental, and physical transfer. Dissolution is a process that occurs 
at the micro-Ievel (within the soil aggregates) like leaching, mineralization, and 
sorptionldesorption. Physical processes take place on the macro-Ievel, and are 
defined as physical displacement or entrainment of colloids. While, incidental 
processes fall in between; these are short-term transfers of P, most often soon 
after application of fertilizers, as a result of an effective (high intensity) rainfall. 
Hydrological transfer pathways are complex to classify because a range of 
spatial scales (slope and field) of water tlow, as weIl as variations in the plane 
(soil profile) and time scale of tlow are considered. Although leaching is 
commonly used to describe the vertical movement of water through the soil 
profile, it is important to highlight that leaching is not a pathway but a pro cess. A 
surrogate term to describe the vertical movement of water is matrix tlow. 
Furthermore, runoff is used to describe the lateral movement of water over or 
below the soil surface, which causes the short-term increase in water levels at the 
outlet of the field and/or watershed (Haygarth and Sharpley, 2000). 
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2.8 SUB-SURFACE WATERFLOW 
2.8.1 Matrix Flow 
Soil is defined as a porous medium: a solid material enclosing inter-related 
pore spaces. The percolation of fluids within a porous media is possible through 
the inter-related pore spaces (Daugherty et al., 1985). Water can flow through the 
soil porous media under both saturated and unsaturated conditions. The rate and 
volume of water being displaced through the soil profile is affected by the 
percentage of moi sture saturation in the soil (Warrick, 2002). Water content found 
within these pores can be divided into three categories: drainage or surplus water, 
plant-available or capillary water, and non-available water. Non-available water is 
the hygroscopic water held by the soil at conditions below the permanent wilting 
point (less than -15 bars). Drainable water is the amount of water that is able to 
drain due to gravit y (greater than -113 bar). The plant-available water lies in 
between the permanent wilting point and field capacity; the water retained by the 
soil due to capillary forces. 
There are two fundamental physical properties of the soil that describe 
water flow and retention by the soil: porosity and hydraulic conductivity of the 
soil (Warrick, 2002; Rillel 1998). The hydraulic conductivity (K) measures the 
soils ability to transmit water, and is determined from the pore-size distribution of 
the soil (volume and continuity of conducting pores), and the saturated hydraulic 
conductivity (Ksat). According to Darcy's Law, under laminar flow conditions in a 
saturated homogenous pore system, the velocity of water flowing within the soil 
particles is a function of hydraulic conductivity, porosity, and pore hydraulic 
gradient. Yet under unsaturated conditions, larger pores drain more readily than 
smaller ones, which indicate that the hydraulic conductivity (K) is much smaller 
than in saturated conditions, and is represented as a function of the pressure head 
or water content. Richards (1931) developed a water flow equation in porous 
media under variably saturated conditions based on Darcy's Law and the 
continuity theory, where he included a source and sink aspect to the continuity 
equation since the water conten~ and pressure head change with time (Warrick, 
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2002). Richards' equation may be expressed in three standard forms: the h-based 
form, the? -based form, and the mixed form. The mixed form expresses water flux 
in terms of both the pressure head h and the moi sture content ? This form is the 
most direct mathematical expression of the physics ofunsaturated flow, because it 
represents the hydraulic conductivity as a function of the moi sture content as 
opposed to the hydraulic head. The term K (h) in Richards equation is not a direct 
representative of the underlying physics, but is rather a description the water filled 
pores which facilitate the movement ofwater through a porous media (Celia et al., 
1990; de Vasconcellos and Amorim, 2001). 
Solutions for Richards' non-linear partial differential equation require the 
specification of initial and boundary conditions. The initial conditions specify the 
initial condition of the flow in the system, while the boundary conditions regulate 
the domain to be studied, and connects with the areas outside the domain (Zheng 
and Bennett, 2002). Non-linear partial differential equations are either solved 
analytically or numerically. Analytical methods yield exact solutions to the 
goveming differential equations, while numerical methods approximate the 
differential equations with a set of algebraic equations. Typically, numerical 
solutions are used to solve unsaturated flow equations because of their non-
linearity. De Vasconcellos and Amorim (2001) modeled Richards' equation using 
its mixed form: they used finite difference techniques with backward Euler time 
marching coupled with modified Picard's method. Results showed that the model 
is able to handle short duration infiltration. 
The usual description of soil-water movement in unsaturated zones 
ignores the effect of air by assuming that air is displaced without viscous 
resistance. Yet, this is not the case if airflow is hindered by the presence of a 
shallow water table, where an impermeable layer is observed (Allen, 1986). The 
coupled movement of air and water has been modeled in unsaturated zones 
through a two-phase flow approach. Tourna and Vauc1in (1986) ran an 
experimental and numerical analysis of two-phase flow in the vadose zone. They 
conc1uded that when air is able to escape in advance of the waterfront, a one-
phase model seems adequate to model infiltration. But if air can only escape 
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through the surface, then entrapped air partic1es ahead of the watemont causes 
severe reduction in infiltration rates, and a two-phase flow approach should be 
used. Celia and Benning (1992) presented a numerical algorithm for modeling a 
two-phase flow in a porous media, based on a modified Picards' linearization. 
Results showed that air phase advection should be considered when dealing with 
contaminant transport in unsaturated zones. 
2.8.2 Preferential flow 
In contrast to matrix flow, preferential flow does not permeate the entire 
porous network of the soil matrix, but moves through distinctive pathways that 
constitute only a fraction of the soil's volume (Hillel, 1998). These pathways 
include cavities and fissures which are either formed from drying and wetting 
conditions in clayey soils, biologïcally (earthworms, ants, and rodents), or by 
decaying roots. As water infiltrates through the soil, it tends to flow through these 
macropores without flowing through aIl the micropores in the soil profile. 
Preferential flow has a serious impact on the movement of solutes in the soil. 
Hooda et al. (1999) conducted a study on P loss in drainflow, from intensively 
managed grassland soils, and conc1uded that significant amounts of P losses could 
occur through preferential flow in a field. 
Several models have been developed to simulate solute and nutrient 
transport processes (Steenhuis et al., 1994; ShaHt and Steenhuis, 1996; Stamm et 
al., 1998; Villholth and Jensen, 1998). Steenhuis et al. (1994) developed a simple 
physically-based two-layer model, in which sorption and desorption processes are 
separated. The model was tested on three-independent data sets, and results 
showed that the model provides a good framework for predicting solute 
concentrations in preferential flow. Shalit and Steenhuius (1996) modified the 
model developed by Steenhuis et al. (1994) to take into account a non-uniform 
distribution of solute in the surface layer in high flow rate events. Their results 
showed that only a fraction of the upper layer contributes to the flow in 
macropores during high flow rate periods. Stamm et al. (1998) studied 
preferential transport of dissolved reactive P in drained grassland soils. The 
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discharge-concentration curves developed during this study proved that P was 
transported through preferential flow paths from the surface to the drains. 
Furthermore, McGechan et al. (2005) adapted the MACRO model (Jarvis, 1994) 
to study the through-soil transport of P to surface waters from livestock 
agricultural fields. The MACRO model has the most comprehensive treatment of 
macropore flow, and has mainly been applied to study pesticide movement in the 
soil. McGechan et al. (2005) conc1uded that elevated P losses occur from 
livestock farming areas through macropore flow. 
2.9 SOLUTE TRANSPORT 
Generally, hydrodynamic and abiotic processes mainly affect contaminant 
and solute transport movement down the soil profile. Hydrodynamic processes, 
such as advection-dispersion and preferential flow, affect the pollutant transport 
by impacting the flow of water into the subsurface. Abiotic processes, such as 
adsorption, precipitation and dissolution, affect their transport by causing 
reactions between the contaminant and the fixed soil matrix, or by altering the 
form and concentration of the contaminant (Knox et. al, 1993). The transport of a 
solute within the soil porous media through matrix flow water is simulated using 
the general partial differential called the advection-dispersion equation (ADE) 
(Warrick, 2002). Three processes affect the change of solute concentration with 
time: advection, hydrodynamic dispersion, and adsorption. Hydrodynamic 
dispersion (dispersion and diffusion) is a molecular scale process, which causes 
spreading due to the concentration gradient and random motion. Advection 
represents the movement of a contaminant with the flowing water according to its 
seepage velo city (Bedient et al., 1999). Adsorption is regarded as a retardation 
process, and is defined as the interaction of the dissolved contaminant with the 
surface charges of soil partic1es. The solution of the ADE is usually 
simultaneously coupled with the soil water flow equation (Richards' Equation), as 
well as with adsorption models. A finite difference numerical scheme was adapted 
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to solve these equations. Good fits were obtained when compared with laboratory 
results when the soil had high and low water content. 
2.10 TRANSPORT MODELS FOR SUB-SURFACE RUNOFF 
Modeling water flow in variably saturated conditions is essential for 
assessing solute ( contaminant) transport in the subsurface layers of the soil. Two 
different mode1ing concepts exist for simulating water flow in homogeneous soil 
profiles: water balance mode1s and numerical models. The water balance models 
include the HELP, and DRAINMOD mode1s. Saturated and unsaturated flow in 
the water balance models is calculated based on Darcy's law. While under 
unsaturated conditions, the saturated hydraulic conductivity is replaced by the 
unsaturated hydraulic conductivity, determined by analytical soil hydraulic 
functions like Campbell's (1974) equation. The HELP model (Schroeder et al., 
1994; Gogolev and Delaney, P. 1998) was developed to simulate landfill 
hydrologic processes and to test the effectiveness of landfill designs. 
DRAINMOD (Skaggs, 1980-2002; Femandez et al., 1997) predicts the effects of 
drainage and associated water management practices on water table depths, the 
soU water regime, and crop yields. DRAINMOD analytically solves the Green-
Ampt equation to simulate infiltration, and Hooghoudt's equation to simulate 
flow into the drains; both equations are derived from Darcy's law, and subjected 
to different boundary conditions. These models utilize several assumptions which 
allow for speeding-up the computation process, but may produce inadequate 
results under sorne conditions (Gogolev, 2002). For example, the HELP model 
assumes constant pressure head in the soil layers being studied, which is a 
reasonable assumption for moisture contents above field capacity. 
The numerical mode1s are usually based on Richards' equation for water 
flow in porous media, and solve the advection-dispersion equation simultaneously 
for solute transport. These models inc1ude LEACHM (Hutson and Wagenet, 
1992), SWAP (Kroes et al., 1999), VS2DT (Lappala et al., 1993), and HYDRUS-
ID/2D (Simunek et al., 1998); Table 2.1 presents a detailed comparison between 
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these four models. Throughout the literature examined, the Richards' equation-
based models are the most theoretically proven to represent flow processes in the 
porous medium more realistically than water-balance models (API, 1996), 
especially in near-surface water flow conditions (Scanlon et al., 2002). However, 
large-scale applications of Richards' equation-based models to highly 
heterogeneous soils with variable hydraulic properties can be extremely difficult; 
the integration of the Richards equation requires powerfull computers with 
significant capacity, and needs more time to run. 
2.11 NUMERICAL MODELS IN USE AND THEIR APPLICATIONS 
2.11.1 The LEACH Model 
The LEACHM (Leaching Estimation And Chemistry Model) (Hutson 
and Wagenet, 1992) is a comprehensive, deterministic-mechanistic, one-
dimensional finite difference model used for the prediction of water and solute 
movement, transformation, plant uptake and chemical reactions in unsaturated 
zones. LEACHM is not designed to describe surface runoff and erosion, although 
it estimates runoff using profile hydrology and the Soil Conservation Service 
(SCS) curve number procedure. Transport of a dissolved chemical contaminant is 
simulated using the general ADE. LEACHM reflects on sorptionldesorption of 
the chemical partitioning (phosphorus and nitrogen) using the empirical non-
linear Freundlich-Langmuir isotherms approach (Hutson, 2000). LEACHM 
utilizes finite difference analysis to solve the governing equation in both time and 
space. LEACHM was evaluated to predict drainage in zero-tension pan lysimeters, 
and bromide (BO leaching in corn fields (Jemison et al., 1994). The LEACHM 
overestimated Br- leaching but adequately simulated water through matrix flow. 
Webb and Lilbume (2000) used the LEACHM model to evaluate the relative risk 
of groundwater contamination by pesticide leaching, associated with soils in 
South Island, New Zealand. Simulations were run for 2 years with 2 crops 
(spring-sown wheat and potatoes), and 2 pesticides (MCPA and metalaxyl). 
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Results showed that LEACHM simulations had greatly overestimated the 
retardation of pesticides through sandy gravel substrates, overlying many aquifers 
from alluvium in New Zealand. These results further showed that c the LEACHM 
mode1 that it is not able to simulate contaminant transport over a depth of 2 m. 
2.11.2 The SWAP Model 
The SWAP mode1 (Soil-Water-Atmosphere-Plant) (Kroes et al., 1999; 
2000; Department ofWater Resources, Wageningen Agricultural University) is a 
one dimensional model that simulates water flow, solute transport, heat flow, and 
crop growth in the soil-air-plant environment. Furthermore, the SWAP model has 
the capability of simulating preferential flow, adsorption, and decomposition 
processes of nutrients and pesticides (van Dam et al., 1997). SWAP solves the 
different goveming equations using implicit finite difference numerical analysis. 
Sarwar et al. (2000) and Sarwar and Feddes (2000) used the transient simulation 
model, SWAP, to evaluate drainage parameter designs for a drainage project in 
Pakistan. SWAP was calibrated and applied to two sample fields. Results showed 
a close approximation exists between the simulated and measured flow data up to 
1.0 m in depth. Furthermore, SWAP proved to be a valuable tool for the design of 
drainage systems in terms of crop yield and soil salinity. Droogers et al. (2000) 
used SWAP in an innovative way by extending its normal point behaviour to a 
distributed approach, in order to analyze water balances on a watershed scale. 
Results showed that when the SWAP model is applied in a distributed manner, it 
serves as a useful tool to analyze all the components of the water balance for a 
whole irrigation system. 
2.11.3 The VS2DT Model 
The VS2DT (Variably Saturated 2D Flow and Transport) (Lappala et al., 
1993; U.S. Geological Survey) mode1 considers variably saturated, two-
dimensional, isothermal conditions to simulate flow and transport under steady-
state and transient-stateconditions. It uses finite difference techniques with a fully 
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implicit scheme to solve Richards' Equation and ADE at subsequent time steps 
(Shaw et al., 2001). The VS2DT model has been extensively verified for 
groundwater flow and chemical transport using analytical solutions (Healy, 1990). 
VS2DT has been modified to inc1ude boundary conditions imposed by pipe drains 
in aIl three modes of operation; conventional drainage, controlled drainage, and 
subirrigation (Munster et al., 1994). It was further modified to inc1ude the 
transport of multiple chemicals (Munster et al., 1996). Results, from both studies, 
showed that VS2DT is an extremely useful tool in assessing the effects of water 
table management on the chemicals and nutrients in tile drained fields. Chakka 
and Muster (1997) developed a new methodology for VS2DT to simulate 
preferential flow and aquifer-river interactions on the Brazos River floodplain, 
Texas. Wilkison and Blevins (1999) applied the VS2DT model to study the 
transport of nitrogen fertilizer within the unsaturated zones. The results from the 
simulations showed that nitrogen transport from the field is subject to both matrix 
and preferential flow. Shaw et al. (2001) utilized the VS2DT model to evaluate 
hydraulic properties of soils with differences in the overlying sandy and loamy 
horizon textures. Hydrological modeling, with the VS2DT model, proved to be 
beneficial in evaluating the flow pathways along a heterogeneous profile, in 
relation to the soil hydraulic conditions, developing more efficient irrigation 
strategies. 
2.11.4 The HYDRUS Model 
HYDRUS (Simunek et al., 1998; 2005; U.S. Salinity Laboratory, 
USDAIARS, Riverside, Califomia) is a numerical model for simulating water-
flow and solute transport in variably saturated soils, under both steady-state and 
transient conditions. Water-flow and solute-transport are described based on 
Richards' equation and advection-dispersion equation, respectively. The 
goveming differential equations are solved using the Galerkin-type linear finite 
element technique applied to a network of triangular elements. Integration in time 
is performed using the backward finite difference scheme for both saturated and 
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unsaturated conditions (Rassam and Cook, 2002). AlI ofthese techniques provide 
satble solutions for the goveming equation a good interface between unsaturated 
and saturated conditions. Finite element techniques provide table solution for 
irregular boundaries and time-dependent boundaries, and finite differences, using 
the Crank-Nicholson Scheme, minimizes error production when integrating over 
small time increments. The HYDRUS mode! exists in one and two dimensional 
form: HYDRUS-ID and HYDRUS-2D, respectively (Simunek et al., 2005); both 
versions utilize the same goveming equations and principles. The only difference 
is that the HYDRUS-2D model integrates the goveming equations in two 
dimensions. However, throughout the literature, the HYDRUS-2D model is 
mainly applied under field conditions, while HYDRUS-ID mode! is applied to 
study water flow and solute transport in one dimension in laboratory columns. In 
this study, P transport was studied only in soil columns; therefore, the one-
dimensional version (HYDRUS-ID) of the HYDRUS mode! was used. 
HYDRUS-2D was applied by Ben-Gal and Dudley (2003) to simulate P 
movement and P distribution patterns under continuous application of P fertilizer, 
from a subsurface point source emitter. Both simulated and experimental results 
showed that an increase in P uptake by the plants, and greater P mobility, was 
observed under continuous applications of water and fertilizer as opposed to 
intermittent applications. However, Ben-Gal and Dudley (2003) conc1uded that 
the Langmuir isotherm, provided within the HYDRUS-2D mode!, is inadequate 
for describing P sorption. It assumes instantaneous equilibrium with the solid and 
solution interfaces. Rassam and Cook (2002) mode!ed water-flow and solute-
transport in acid sulphate soil oftile drained fields using the HYDRUS-2D model. 
They conc1uded that numerical modeling, employed by the HYDRUS-2D model, 
provided an effective tool in understanding the mechanisms involved in such a 
complex system, and hence was a valuable management tool. Mailhol et al. (2001) 
studied the impact of fertilization practices on nitrogen leaching under irrigation, 
through both field experiments and numerical modeling (HYDRUS-2D). The 
simulation results from the HYDRUS-2D mode! were in agreement with the field 
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results; the nitrogen leaching is not significant under the area of study, and the 
yield was not affected under high irrigations rates. 
Moreover, Pang et al. (2000) used the HYDRUS-2D model to simulate 
water and solute (pesticide) movement in variable saturated soil conditions, and in 
groundwater up to a depth of 10 m. The model simulated weIl the water 
distribution along the soil profile, but it performed better with less heterogeneous 
soils. With respect to the pesticide transport, HYDRUS-2D provided similar 
results to the measured results from the field, in both unsaturated and saturated 
conditions. De Vos et al. (2002) studied the movement of chloride in tile drained 
Dutch reclaimed fields using HYDRUS-2D and field experiments. Their aim was 
to analyze the origin of chloride concentrations in the drains. HYDRUS-2D 
provided a good description of the dynamics of water flow and solute transport in 
two dimensions. Oztekin (2002) studied drain flow into subsurface drainage pipes 
for a layered soil profile in North Central Ohio (USA) using the HYDRUS-2D 
model. The results simulated by the finite element HYDRUS-2D model, were in 
agreement with the results obtained the empirical equation, Kirkham-Hooghoudt 
equation, for water table elevations below 70 cm. 
Persicani et al. (1996) applied the HYDRUS-2D to simualate atrazine 
mobility in two alluvial soils in northern Italy. Their results showed that 
HYDRUS did simulate successfully atrazine mobility in the field; nevertheless, 
they were able to improve their result when they calibrated their adsorption 
equilibrium constant (~) with field conditions. Ventrella et al. (2000) applied the 
HYDRUS-ID model to simulate water chlorine transport in fine textured Italian 
soils subject to a fluctuating saline groundwater table. They concluded that the 
HYDRUS-ID model is very useful for analyzing relatively complex flow and 
solute transport processes at the field scale. However, Phillips (2006) investigated 
the ability of the HYDRUS-2D model in simulating the transport of reactive 
chemicals like potassium in undisturbed soil columns. The results showed that the 
HYDRUS model was successful in simulating water flow but it was not very 
conclusive with regard to reactive solute transport. Phillips (2006) recommended 
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more investigation into the ability of the HYDRUS model in predicting the 
transport ofreactive chemicals in the soil-water environment. 
2.12 CONCLUSIONS 
The need to develop water quality models came about when the problem 
ofNPS pollution was highlighted in the late 1970s, with the Clean Water Act and 
its successive amendments. This act brought attention to many researchers of the 
necessity in researching and developing water quality models. NPS pollution is 
one of the main problems of global concem. Agricultural practices are now 
acknowledged as one of the main contributors of NPS pollutant including P to the 
pollution of fresh water bodies (Corwin et al., 1999). Furthermore, P, classified as 
a non-point source pollutant, has become a major concem to researchers due to its 
contribution to eutrophication of aquatic ecosystems. Advanced information 
technologies must be applied to solve multidisciplinary problems of NPS 
pollution. The combination of chemical and transport models to simulate P 
transport in sub-surface runoff presents a promising solution. However, choosing 
the proper goveming equations for water flow, solute transport, and chemical 
relations for the conditions and processes taking place in the soil-water 
environment, is a crucial step. The NICA model is a dynamic aqueous chemical 
model that could provide a good description of P04 adsorption onto the soi!. It 
provides an advantage over other adsorption models, since it describes adsorption 
of a specific ion in relation to other species in solution, the pH, and the aqueous 
solution ionic strength. 
The sub-surface water flow and solute transport models, described in the 
literature above, are fairly weIl documented and have been tested against field 
conditions. LEACHM proved to be more limited to the vadose zone, and it does 
not provide a good interface between unsaturated and saturated conditions. The 
VS2DT model has been successfully applied to describe pesticide transport. Yet 
the solution, provided by the VS2DT model, is very sensitive to initial conditions 
of the problem and to mesh discretization (Healy, 1990). The SWAP model was 
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better adapted to simulate water flow than solute transport. It has been 
successfully applied to irrigation scheduling and water budgeting. However, the 
SWAP model is better adapted to conditions in the Netherlands and in Europe. 
Furthermore, the HYDRUS mode1 has been successfully applied to simulate 
water flow and re1ative1y reasonable to simulate nutrient transport on several 
agricultural fields. The HYDRUS mode1 utilizes the finite e1ement numerical 
techniques to solve the governing equations in space, and the finite difference 
technique to integrate the governing equations in time. These numerical schemes 
offer stable numerical solutions to deal with time dependent boundary conditions 
and variably saturated conditions. In addition, the HYDRUS code automatically 
adjusts the time step to satisfy Courant's number. The HYDRUS model considers 
both linear and nonlinear types of ion adsorption onto the soil particles, which are 
factored into the contaminant transport equation. These adsorption equations are 
found in most models discussed above as well; they provide more reseanable 
predictions with respect to soluble nutrient than strongly adsorbed ones. In 
conclusion, the HYDRUS model provides stable solutions to water flow in a 
variably saturated porous medium in both undisturbed and homegenized soils, 
however, its ability to simulate P transport in soi! and water will be further 
investigated in this study. 
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Table 2.1: SummaryofFourModels: HYDRUS_2D, SWAP, VS2DT and LEACHM 
HYDRUSID/2D SWAP (SWATRE) VS2DT LEACHM 
Authors Simunek et al., 2005 Kroes et al., 1999 Lappala et al., 1993 Hutson and Wagenet, 1992 
Developer USDAlUSSL Wageningen Agricultural U.S. Geological Survey Flinders University of South Riverside, California Universi!l: Australia 
Numerical Method FE-space implicitFD Implicit FD-time FD-space FD-time Central FD-sEace FD-time 
Dimension 1/2D 10 2D ID 
Sat/Unsat ./ ./ ./ ./ 
Plant U2take ./ ./ ./ ./ 
van Genuchten, 1980 van Genuchten, 1980 Brooks & Correy, 1964 Campbell (1974) 
K-h-9 Brooks & Correy, 1964 Mualem, 1976 Campbell, 1974 
van Genuchten, 1980 
%silt-clay-sand %silt-clay-sand %silt-clay-sand %silt-clay-sand 
Ksat, PSA, Ph. Se, ___ .. K satV, Ksath, PSA, Pb Ksathon PSA, Ph, Se KSal> ?b, Se 
Parameters Bs, B,., a; n B", B,., a; n B", B,., a; n Bs, B,., a; n 
ab ar(2D), D', T ab ar(2D), Dw ab ar(2D), Dw climate; N; and P data 
Adsorption Linear/ Non-linear Non-linear Linear Non-linear 
Language FORTRAN FORTRAN FORTRAN FORTRAN 
PhosI>.lloruslIrrigatiQ.Il Snow drainage/sub irrigation Bromide 
Nitrogenlfertilization Thawing and freezing Nitrogen leaching Nitrate Leaching 
Hydrology/drainage Drainage Effect ofWTM Phosphorus 
Application Chloride Transport Lateral flow in sandy soils Pesticide 
Virus Transport Pesticide Transport 
Surfactant Transport 
Pesticide Transport 
Output Graphical / ASCII files ASCII files ASCII files ASCII files 
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CONNECTING TEXT TO CHAPTER 3 
This chapter is a manuscript awaiting to be published in 2006. The 
manuscript is co-authored by my supervisor Dr. C.A. Madramootoo and Dr. W.H. 
Hendershot, Prof essor at the Natural Resource Sciences Department of McGill 
University. Allliterature cited in this chapter is listed in the reference at the end of 
this thesis. 
Chapter 3 covers the development of the HYDRUS-NICA model designed 
to simulate the transport of phosphorus in the soil-water environment. As stated in 
Chapter 1, the proposed model aims at covering the limitations of other soil P 
models; hence, improving the prediction of P in the soil-water environment. A 
complete description of the computational development of the HYDRUS-NICA 
mode!, and its code verification is presented. This is the topic of the following 
article. 
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CHAPTER 3: The Development of the HYDRUS-NICA Model 
Joumana Abou Nohra, Chandra Madramootoo, and William Hendershot 
ABSTRACT 
A mode1 named HYDRUS-NICA was deve10ped by coupling a hydrological 
mode1 (the HYDRUS-ID model) with an aqueous chemical mode1 (the NICA model) to 
improve the simulation of phosphorus (P) transport in the soil-water environment. The 
empirical non-linear adsorption equations of the HYDRUS-ID model were replaced by 
the non-ideal competitive adsorption (NICA) model. The hypothesis is the NICA mode1 
provides an improvement over empirical model; it describes the adsorption of dissolved 
substances like P to the soil in relation to the different competing substances in the soil 
aqueous solution, while taking into account the pH and the ionic strength. This study 
presents the different stages that were followed in deve10ping the HYDRUS-NICA mode1: 
the conceptual, representational, and computational models. This study further describes 
the verification procedures conducted on the deve10ped code of the HYDRUS-NICA 
model. Verification of the code was based on comparing the accuracy of the numerical 
schemes ofboth the HYDRUS-NICA and HYDRUS-ID (HYDRUS) models. Numerical 
accuracy was evaluated based on the relative error produced from the water flow and 
solute transport at specified time and space increments. The results showed that errors 
produced by the HYDRUS-NICA mode1 for water flow and P transport are slightly 
higher than the HYDRUS mode1 for the same conditions; however, on average they were 
less than two percent (within the acceptable range). Thus, it was conc1uded that the 
solutions of HYDRUS-NICA mode1 did converge at a proper rate, and confirmed that 
modifications to the HYDRUS computer code have been implemented correctly. 
Keywords: HYDRUS model, Richards equation, Advection-Dispersion Equation, NICA 
mode1, code verification 
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3.1 INTRODUCTION 
The development of a model and its components encompasses five distinctive 
stages: a conceptual model, representational model, computational model, code 
verification, and model validation. However, the first three stages are highly linked 
(Ewing, 2002). The conceptual model describes the different physical processes to be 
modeled, and defines the objectives, assumptions and assertions to be considered by the 
model. The representational model translates the processes described by the conceptual 
model into mathematical relationships. The computational model encodes the formulated 
mathematical equations within a computer program. Equations are solved based on the 
assumptions and conditions stated in the conceptual model. Once the computational 
model is complete, its code is verified to ensure the desired results (Parrott and Kok, 
2000). Finally the model is run under real-time conditions to simulate different scenarios. 
The results obtained are validated against measured data to investigate the proximity of 
the model predictions to reality. Model validation includes two additional steps: 
calibration and sensitivity analysis. These analyses are significant in understanding how 
the model varies as a function of the input data and the model parameters (Saltelli et al., 
2000). 
The main purpose of this study is to develop a numerical model to improve the 
prediction of phosphorus (P) transport, and P adsorption processes in the soil-water 
environment, under variably saturated conditions. As proposed, the model couples an 
aqueous chemical model, the NICA model (Koopal et al., 1994), with a hydrological and 
solute transport model, the HYDRUS-ID model (Simunek et al., 1998). The NICA model 
is a non-ideal competitive adsorption (NICA) model; introducing a new methodology in 
dynamically predicting P adsorption in soil solutions. NICA describes the adsorption of 
soluble substances by taking into account the competitive non-ideal behaviour of the 
different substances in the soil aqueous solution, while considering the pH and the ionic 
strength. The NICA model presents an advantage over the empirical models (Freundlich 
and Langmuir adsorption isotherms) and the surface complexation models (SCM) (a 
diffused double layer (DDL) model). Empirical models have been used to determine the 
quantity/intensity relationship between phosphates found in solutioQ and the soil solid 
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phase (Bache and Williams, 1971). These isothenn models describe adsorption data on a 
macroscopic level; they do not describe the mechanisms of adsorption (Sparks, 2003). On 
the other hand, SCM are mechanistic chemical models and represent an improvement 
over the empirical models of adsorption. The rate-sorption coefficient they provide 
depends on soil texture, the nature of aqueous species involved, and is less dependent on 
the system's variables, such as pH and the concentration of the aqueous species 
(Koretsky, 2000). However, SCM require numerous parameters and lack simplicity. 
According to McBride (1997), the DDL theory and its modifications, fails to meet the 
two criteria for an acceptance of a theory: confonnity with experimental observations and 
simplicity.The DDL models provide a satifactory fit to experimental data only under a 
very limited range of conditions, and require a substantial number of parameter for every 
solute being studied. 
The HYDRUS-ID model (Simunek et al., 1998) is a physically based numerical 
model for simulating water-flow, heat, and multiple solutes transport in one-dimensional 
variably saturated soils, under both steady state and transient conditions. The HYDRUS-
ID model solves the Richards' Equation to simulate water flow, and the Advection-
Dispersion Equation (ADE) to simulate solute transport in porous media, with a 
Windows interface. Several physically-based numerical models found in the literature 
utilize these governing equations, like SWAP (Kroes et al., 1999), LEACHM (Hutson 
and Wagenet, 1992), and VS2DT (Gogolev and Delaney, 1999) models. However, the 
HYDRUS-ID model utilizes finite element numerical techniques to solve the governing 
equations in space and the finite difference technique to integrate the goveming equations 
in time. These numerical schemes offer stable numerical solution; they allow the model 
to take into account different types of boundary conditions, to provide a good interface 
between saturated and unsatured conditions, and to integrate over small time and space 
increments (Rassam and Cook, 2002; Simunek et al., 2005) 
This chapter presents the different steps involved in coupling the HYDRUS-ID 
model with the NICA model: the HYDRUS-NICA model. The main objectives of this 
study were: 1) to develop the conceptual and representational models of the HYDRUS-
NICA mode!, 2) to build its computational model, and 3) to verify its code. The 
HYDRUS-NICA model, as developed in this chapter, will be calibrated and validated in 
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Chapter 7; it will be tested against real time conditions using experimentally measured 
results. 
3.2 THE CONCEPTUAL MODEL 
3.2.1 Objective 
The main objective of the model is to estimate the time-depth distribution of the 
moisture content and pressure head in an active soil profile, and the time-depth 
distribution ofP concentration in an active soil profile. 
3.2.2 Model Description 
The HYDRUS-NICA model is based on the distributed approach that will be used 
to portray the spatial and temporal variability of P in one-dimension, vertically down the 
soil profile. The HYDRUS-NICA model is composed ofthree main modules: a chemical 
module, water module, and solute module (Figure 3.1). The chemical module provides 
the solute module with the ratio ofP adsorbed to P in solution (~/~c); it is necessary to 
determine the retardation factor (R) of P in the soil. In the case of P, the retardation factor 
determines the portion of P in solution that gets adsorbed to the charged surfaces on the 
soil partic1es, and gets retarded from being transported though matrix flow. The water 
module provides the solute module with the seepage velo city of water in the soil porous 
media which is necessary to determine the advection and dispersion transport of P 
through matrix flow. Based on the output of the chemical and the water modules, the 
solute module can determine concentration of P in the soil solution, at the different space 
(dx) and time (dt) increments. The chemical model was based on the NICA model 
(Koopal et al., 1994), and the water and solute modules were based on the HYDRUS-1D 
code (Simunek et al 1998) without the Windows interface. The HYDRUS-1D 
(HYDRUS) source is a combination of the SWMS 2D source code developed by 
Simunek et al. (1992) to simulate water flow and solute transport in a two-dimensional 
variably saturated media, and the UNSATCHEM source code developed by Simunek et 
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al. (1993) to simulate one-dimensional variably saturated water flow, heat transport, 
carbon dioxide production and transport. A version of the source code of the HYDRUS 
model, supplied by Dr. Jirka Simunek of the V.S. Soil Salinity Laboratory, was used in 
this study. 
3.2.3 Assumptions and Assertions of the Model 
The following assumptions and assertions are considered by the HYDRUS-NICA 
model: 
1. Only the adsorption and desorption processes from the P cycle are considered in 
the chemical model. The rates of dissolution and precipitation pro cesses are very 
small and extend over a large period of time. Thus they are considered negligible 
as compared to the instantaneous adsorption and desorption processes (Laiti et al., 
1996). 
2. The form of P, considered by the HYDRUS-NICA model, is P04-3 (P04) or 
orthophosphoric acid; P04 anions have the strongest binding capacity to the soil 
functional groups at the pH of the soil, naturally occurring in the field (McBride, 
1994). 
3. Organic sources of P within the soil are not included as species in the chemical 
module. Consequently, the competition of organic anions with P04 adsorption 
sites will not be considered either. 
4. Complexations ofP04 ions with background ions are not considered. 
5. The nature ofP adsorption onto the soil surface functional groups is considered to 
be non-linear. 
6. Both steady-state and transient boundary conditions are considered. 
7. The model simulates water flow under variably saturated conditions. 
8. Only one-phase flow is considered. Air and water vapour flow will not be 
modeled. 
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9. The mode1 takes into consideration matrix flow only; macro-pore flow is not 
considered in the model. 
10. Constant temperatures are considered throughout the soil profile. 
Il. The mode1 operates on homogenous elements. 
12. The mode1 simulates solute transport and water flow in one-dimension, vertically 
down the soil profile. 
13. The mode1 considers three main processes to simulate P04 transport in the soil-
water environment: advection, hydrodynamic dispersion, and adsorption. 
3.3 THE REPRESENTATIONAL MODEL 
3.3.1 Water Module 
The water module is based on the uniform water module of HYDRUS, which 
utilizes the following modified form of the Richards Equation: 
aB =~[Kx(h)(ah +l)]±S 
at ax ax 3.1 
where ? is the vo1umetric water content [L3 L-3], h is the pressure head [L], x is the 
vertical spatial coordinate [L], t is the time coordinate [T], Sis the sink term [L3 L-3 rI], 
K is the unsaturated hydraulic conductivity [L rI]. Equation 3.1 simulates water flow in 
variably saturated conditions in one dimension assuming that water flow in the soil 
porous media follows laminar flow conditions. 
To solve Richards' Equation in variably saturated porous media, a hydraulic 
analytical expression is needed to relate unsaturated hydraulic conductivity and water 
content to pressure head (K-B-h). The hydraulic conductivity equation and the water 
capacity function are directly re1ated to the soil texture and structure, and indirectly 
re1ated to the pore size distribution. The hydraulic analytical expression, used in the 
HYDRUS-NICA mode1, was the van Genuchten analytical equation as described by 
_r-, Simunek et al. (1998): 
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B Bs - Br h<O 
r + [ l+lahln f 
B(h) = 3.2 
Bs h~O 
B-B 3.3 S=--' 
e B-() 
r , 
K(h)=KXIl1·S: .[l-(l-S~/mtr 3.4 
m=l-l/n, n>l 3.5 
where Brand Bs are the residual and saturated water contents [L3 L-3], respectively, Ksat is 
the saturated hydraulic conductivity [L Tl], ais the inverse of the pore entry value [L- I ], 
n is the pore size distribution index, and 1 is the pore connectivity parameter which is 
assumed to be equal 0.5, an average for many soils. Based on the water retenti on 
parameters, which are usually estimated from experimental results, the moisture content 
(?) is determined from Equation 3.2 in relation to the pressure head. Consequently, ? is 
then used to derive the effective moi sture content (Se) of the soil based on Equation 3.3. 
Once Se is inserted into Equation 3.4, the unsaturated hydraulic conductivity for that 
moi sture content (B) is determined. Table 3.1 illustrates the steps performed to determine 
the moi sture content and pressure head for every time (dt) and space (dx) increment. The 
water balance is calculated at the end of the iterations, to ensure that the input, output, 
sinks, and sources of moi sture content in the soil-water environment balance out. The 
framework of the water module is illustrated in Figure 3.2. The forcing functions 
affecting matrix flow in variably saturated porous media are the variable moi sture content, 
the pressure head and boundary conditions. Boundary conditions inc1ude precipitation 
rate, evaporation rate, and the pressure head imposed on the system. 
The solution of Richards' Equation generates (dh/dx) and moi sture content (?) at 
each dx of the soil profile. Plugging the dh/dx into Darcy's law, Darcy's velocity (q) is 





Further dividing q by the porosity, the seepage ve10city (v) is obtained. Darcy's velocity q. 
and the seepage velocity at each dx and dt step, is incorporated in the ADE (Equation 3.8) 
to estimate contaminant transport by advection and dispersion. 
3.3.2 Solute Module 
The hydrodynamic and abiotic processes considered by the HYDRUS-NICA 
model to simulate P04 in the soil-water environment are advection, hydrodynamic 
dispersion (dispersion-diffusion), and adsorption, as stated in the following equation: 
P soil-solution = J advection + J dispersion + J adsorption 3.7 
Consequently, the Fickian based ADE partial differential equation, simulating solute 
transport in one-dimension, used in the HYDRUS model, is reduced to the following 
form: 
ôe ô ( w ôe) ôe B . R - = - BD 1 - - q - + eS 
ôl ôx ôx ôx 
R = 1 + Pb as () ac 
3.8 
3.9 
where ? is the volumetric water content [L3 L-3], Pb is the bulk density [M L-3], q is the 
volumetric flux density [L Tl], S is the sink term [L3 L-3 Tl], C is the solute 
concentration in solution [M L-3], s is the solute concentration adsorbed to the soil [M M-
l], Dt is the dispersion coefficient [L2 Tl] in the liquid, R is the retardation factor, x is 
the vertical distance, and t is time. The ratio asjac is the portion of P04 adsorbed to the 
soil to P04 soluble in solution. The complete deve10pment of Equations 3.8 and 3.9 is 
described in Appendix A. 
Figure 3.3 illustrates the framework of the solute module. P04 transport in the soil 
profile is affected by four forcing functions: 
i. P04 transport is affected by non-linear P04 adsorption to the soil and it is 
represented by the R retardation factor in Equation 3.9. The ratio asjac will be 
determined by the NICA mode1 in the chemical module described below. 
11. P04 transport is affected by the initial and boundary conditions. 
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iii. P04 transport is influenced by volumetric flux density of the infiltrating solution, 
which is provided to the solute module by the water module. 
IV. P04 is transported as weIl by hydrodynamic dispersion (dispersion and diffusion) 
processes (Zheng and Bennett, 2002), which is represented by the foIlowing: 
B Dr =DLlql+BDw'l" 3.10 
where Dwis the molecular diffusion coefficient in free water [L2T 1], t is a tortuosity 
factor in the liquid phase, Iql is the absolute value of the Darcy's velocity [LT1], 
and DL is the longitudinal dispersivity [L]. 
After the solute model is supplied with all the input files needed, at each spatial dx and 
temporal dt increment, the ADE is numerically solved to yield P04 concentration in the 
soil solution. 
3.3.3 Chemical Module 
As defined by Kinniburgh et al. (1996), the NICA model assumes a continuous 
distribution of heterogeneous ligands, and divides the overall non-ideality into intrinsic 
heterogeneous contribution parameters (property of the soil surface) and ion specific non-
ideality parameters. The NICA model has been developed and applied to describe metal 
adsorption onto the soil humic/organic matter (Tipping, 2001; Koopal et al., 2001; 
Kinniburgh et al., 1996; Bennedetti et al., 1995; Koopal et al., 1994). Both the P04 anions 
and metal cations adsorb through specific binding to the soil and organic matter 
functional groups, respectively. Therefore, for this study, the NICA model was modified 
to describe the specific binding of P04-3 ions onto the negatively charged surface 
functional groups of the soil, according to the following equation (adapted from 
Schindler and Stumm, 1996): 
SOH2 +1 + r z = sr(z-1) + H20 3.11 
where r z is an anion of charge z +; SOH2 + 1 and sr(z-1) are surface species. These reactions 
are considered to imply mono-dentate binding of P04-3 to aIl of the sites. Mono-dentate 
binding indicates that P forms one covalent bonding with the SO structures of the soil 
(Goldberg and Sposito, 1985), whereas bi-dentate bonding indicate that P forms two 
cov~lent bonds with the SO structure. Koopal et al. (199~ derived Equation 3.12 for a 
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multi-component system from the Henderson-Hasselbalch1local non-ideal isotherm, in 
combination with Langmuir-Freundlich affinity distribution function (Quasi-Gaussiani 
by Sips (1948) to describe non-ideal competitive adsorption T i.t .• 
3.12 
where Qi,( is the total amount of component i bound to the soil surface [M M-1], and Qmax 
is the total number ofbinding sites for anion adsorption [M M-1], Ki is a median affinity 
constant for component i, and Ci is either the concentration or activity of component i [M 
L-1]. The parameter n accounts for the non-ideality behaviour of component i. For non-
ideal ion adsorption, n can vary between 0 and 1; the smaller the value of n the greater is 
the non-ideality of component i. The parameter p represents the intrinsic heterogeneity of 
the soil surface and is common to all components; it determines the width of distribution. 
The value of p can vary as well, between 0 and 1. 
The NICA model allows the consideration of several types of adsorption sites. 
Goldberg and Sposito (1984; 1985) studied the mechanisms P04 binding to several oxide 
mineraIs. Their results showed that there are two types of binding sites found in mineraI 
soils that P04 anion have high affinity to bind to; one is dominant under low pH 
conditions and the other is dominant under higher pH conditions. The low and high pH 
conditions depend on the zero point charge of the soil; the pH at which the soil has zero 
charge. Therefore, for this study, P04 adsorption affinity is considered to be distributed 
over two types ofbinding sites on the soil surface: site 1 and site 2 (Goldberg and Sposito, 
1984). Therefore, a bimodal affinity distribution is considered, and Equation 3.12 yie1ds 
the following: 
(K.c·ri 
l B. = 1 1 for i = 1, 2 
1 1 + (K1c1r1 + (K2c2r 2 
2 B(c)=J~P(K) dK 
- 01+Kc 
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Each site is characterized by the intrinsic heterogeneity of the soil surface (P), and the 
maximum site concentration (Qmax), and each component (i) is characterized by the 
median affinity constant (Ki), the non-ideality behaviour (ni), and the two adsorption sites 
are represented by subscripts 1 and 2, respective1y (Tipping, 2001). For this study, 
hydroxyl anions (OH) are oruy considered to be competing with P04 anions for the soil 
adsorption site, knowing that pH is major factor affecting P04 adsorption the soil 
(Goldberg and Sposito, 1984). A pre1iminary analysis using Visual MINTEQ (Gustafsson, 
2005: ver. 2.40), an equilibrium speciation mode1, was conducted to study the main 
competing anions with P04. The results showed that OH anions competes the most with 
the P04 anions for soil binding sites. Therefore, Equation 3.13 could be re-written in the 
following fonu: 
3.14 
However, the NICA model requires the concentration of free P04-3 ions In 
solution for Equation 3.14. Therefore, a speciation routine was inc1uded in the HYDRUS-
NICA model to calculate the total free P04-3 in solution, according to the input P04 




Furthennore, the HYDRUS-NICA model considers only P04 concentration to 
simulate adsorption-desorption in conjunction with the water flow and solute transport 
processes; the concentration of OH remains constant throughout the simulations. 
Therefore, the OH related components were replaced by the following constants: 
al = (KOH,I • [OH lroH •1 
a 2 = (K OH,2 • [OH lroH •2 
3.17 
3.18 
Replacing Equations 3.17 and 3.18 into Equation 3.14, the following equation is obtained: 
s - Q. (~crl . [(K(c)n, +o.t +Q. (K2cr' . [(K2Cr' +~t 
- ( (~cr' +0. l+[(~cr' +0.[' 2 (K2cP +~ 1 + [(K2Cr2 +~[' 
3.19 
where s is the amount of P04 adsorbed to the soil and is equivalent to tenn Qp04 
mentioned above. 
Differentiating Equation 3.19 with respect to c, the following equation is obtained: 
Os = [(X;cfl +~t' [Q~rlcnl-I~]+ Q(Klcf' [PI (Klcr1 +~ l-I~x;nlcnl-I] 
Be 1 + [(Klcfl +~{l ((X;cr1 +~) (X;Cfl +~ 1 + [(Klcp +~{l 
+ [cK2cf2 +llzI' [Q2~Kn2cn2-lllz]+ Q2(K2cf2 [P2 (K2cr2 +llz 2-1 ~K;2cn2-1] 
1 + [(K2c)n2 +llz{2 ((K2cr2 +llz) (K2cf2 +llz 1 + [(K2cf2 +llz{2 
3.20 
A complete derivation of Equation 3.20, in relation to Equations 3.8 and 3.9, is 
described in detail in Appendix A. 
Figure 3.4 describes the structure of the chemical module. The input parameters 
are obtained from the optimization of soil experimental results. The NICA model 
equations, indicated above, are subjected to two forcing functions: the concentration of 
P04 and OH in the soil solution. The NICA model Equations are solved within an 
a1gebraic matrix notation to ca1cu1ate adsorption equi1ibrium constants under different 
conditions of P04 and OH concentration in solution. The output of the chemical module 
provides the ratio as/oc, which is incorporated in the retardation factor (R) of the solute 
module at each spatial and temporal increment. The derivation and the estimation of the 
âifferent parameters required by the NICA model are described in details in Chapter 4. 
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3.4 THE COMPUTATIONAL MODEL 
3.4.1 Model Development 
The HYDRUS source code is written in the FORTRAN programming language 
and is composed of nine files: HYDRUS, INPUT, OUTPUT, MATERIAL, SINK, 
SOLUTE, TEMPER, TIME, and WATERFLOW. The HYDRUS code is the main code 
that caUs upon aU the different subroutines found in the eight files. The INPUT code 
reads aU the input information required by the HYDRUS code, which then requires two 
input files: SELECTOR.IN and PROFILE.DAT. The SELECTOR.IN inc1udes aU 
temporal, hydraulic, transport parameters, and boundary conditions needed by the 
HYDRUS code, while the PROFILE.DAT holds aU the initial conditions of the soil 
profile: solute concentration, moi sture content, pressure head, temperature, length of 
profile, number of materials in the soil profile, and number of nodes. The MATERIAL 
code contains several functions that simulate the soil's hydraulic characteristic curves for 
the different soil materials specified. The SINK code deals with the water and solute 
plant uptake, and the TIME code solves the time iteration, related numerical schemes, 
and set boundary conditions. Furthermore, the TEMPER, WATERFLOW, and SOLUTE 
codes simulate the heat, water, and solute related equations, respectively. The OUTPUT 
code calculates the mass balances, and prints out aU the results from the simulations into 
a series of ASCII files. In the case of solute and water flow, subroutines in the OUTPUT 
code generates five main ASCII files: BALANCE.OUT (mass balance variables), 
SOLUTE.OUT (actual and cumulative concentration fluxes), NODE_INF.OUT (profile 
information), T_LEVEL.OUT (pressure heads and fluxes at the boundaries), and 
RUN_INF.OUT (time and iteration information) (Simunek et al., 1998). 
3.4.2 Code Modification 
The HYDRUS code was modified to replace the Freundlich-Langmuir isotherms 
by the NICA mode! (Equations 3.19 and 3.20); the modified version of the HYDRUS 
code was called HYDRUS-NICA. Modifications to the HYDRUS code were written in 
- FORTRAN 90, which is the standard version orthe FORTRAN language in the 
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HYDRUS mode!. Consequently, three main subroutines were modified: ChemIn, Subreg, 
and Coeff. First, the SELECTOR input file was modified to add aIl Il parameters needed 
by the NICA model to simulate P04 adsorption: Qmaxl, Qmaxl, Pl, Pl, Kp04,J, Kp04,l, np04,J, 
np04,l, al, al, and pH. After which, ChemIn was modified to read the added Il parameters 
required by the NICA model to describe P04 adsorption. The ChemIn subroutine, found 
in the INPUT file, reads the reaction parameters needed by the adsorption isotherm from 
the SELECTOR input file. Afterward, the Subreg subroutine, found in the OUTPUT file, 
was modified to incorporate the NICA model (Equation 3.19) in the mass balance 
calculations. FinaIly, the Coeff subroutine, found in the SOLUTE file, was adjusted to 
replace as/oc ofthe Freundlich-Langmuir isotherm by Equation 3.20. The SOLUTE file 
assembles the different processes contributing to the goveming transport equation 
(Equation 3.8). Modifications of the three subroutines are described in detail in Appendix 
B. For access and further information regarding the modified code, please contact the 
authors at the following email: joumana.abounohra@mail.mcgiIl.ca. 
3.4.3 Numerical Schemes 
The HYDRUS-NICA model simulates P04 transport in the soil-water environment, 
through advection, diffusion-dispersion, and non-linear adsorption processes while 
considering chemical equilibrium. The HYDRUS-NICA model does not consider first order 
or zero order decay-rate reactions, only non-linear adsorption. As presented above, the non-
linear adsorption is represented through the retardation factor (R). Therefore, the 
concentration of P04 adsorbed (s) is only dependent on the concentration (e), based on 
Equation 3.9. 
Therefore, the NICA model equations (3.19 and 3.20) were implemented in the 
HYDRUS code, according to the following: 
1. Replaced as/oc in the R factor of the governing equation (Equation 3.9) by Equations 
3.12,3.13, and 3.17, in the Coeff subroutine, which is part of the SOLUTE source file. 
as e'+l1l + c' 
dConc = in c = ---- 3.24 
ac 2 
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2. Replaced Bs/Be in the R factors of the time-dependent dispersion corrections by 
Equation 3.20, in the Coeffsubroutine, which is part of the SOLUTE source file. 
os . dSConc = - ln ct+dt or ct 3.25 
oc 
3. Replaced Freundlich-Langmuir non-linear adsorption equation by Equation 3.19 of the 
NICA model, in the mass balance (SubReg) subroutine, which is part of the OUTPUT 
source file. 
SEquiO = QI (K1c) "1 • [(K1c) "1 +a1f' + Q2(K2c)"' . [cK2c)"' +a2f' 
(K1c) "1 +a1 1+ [(K1c) "1 +aJl (K2c)"' +a2 1+[cK2c)n, +a2f' 
3.26 
3.5 CODE VERIFICATION 
The verification of the HYDRUS-NICA code was performed to affirm that the 
modification to the HYDRUS computer code has been implemented correctly; that is to 
ensure that by introducing the NICA model equation, the simulations of the numerical 
schemes were not affected. Verification of the code reduces, and/or eliminates, the 
uncertainties and errors that can occur at various points in the modeling process, and in 
the model' s structure. It is a necessary step before the code may be confidently applied to 
real systems, since it provides an assessment of how weIl the model can perform 
independent of the uncertainties introduced through parameter estimation and variability 
in data (Salvage and Yeh, 1998). 
3.5.1 Verification ofWater Flow and Solute Transport 
Both HYDRUS and HYDRUS-NICA models, evaluate the accuracy of the 
numerical solution for water flow equation (Equation 3.1) by the relative error (er W , %) in 
the mass balance subroutine as follows (Simunek et al., 1998): 
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1 1 
v; -Vo + fT:dt- f(qo -qN)dt 
Errorl = B W = 0 0 .100 
, ma{ ~Iv: -V,'I,!I;dt- [(q, -qN)1t] 3.27 
where V/ and V/ are the volumes of water in element e at times t and zero, respectively, 
and Vr and Va are the calculated volumes of water in the flow domain at time t and zero, 
respectively. The term rI adt represents the cumulative root water uptake amount, while 
?(qo -qN)dt gives the net cumulative flux through both boundaries. 
Similarly, as for water flow, the accuracy of the numerical solution for solute 
transport (Equation 3.8) is evaluated by the relative error (e/, %) in the mass balance 
subroutine as follows (Simunek et al., 1998): 
t t 
Mt -Mo - f qsadt + f qSLdt +Mo +M1 +Mr 
Error2= Be = 0 0 .100 3.28 
, ma{ ~iM: -M;I,IM" 1 +jM' 1 +IM,I + [~q .. 1 +lq"l}Jt] 
where Moe and Mte are the amounts of solute in element e at times zero and t, respectively, 
and Mt and Mo are the amounts of solute in the flow region at times t and zero, 
respectively. The terms .At, Ml, and Mr represent the cumulative amount of solute 
removed from the flow region by the zero-order reactions, first-order reactions, and root 
water uptake. Terms qso and qsL are the solute fluxes across the lower and upper 
boundaries, respectively. The error e/ takes into account the quantity of solute in solution 
after the iterations, as calculated by the ADE (Equations 3.8 and 3.9). As indicated in 
sections 3.3.2 and 3.3.3, these calculated amounts are partially affected by the amount of 
solute adsorbed to the soil as calculated by the NICA model equations and reflected by 
the R term (Bs/Be) in the ADE. 
The verification of the HYDRUS-NICA code was performed by comparing the 
results obtained from modeling water and P04 transport under transient conditions, with 
results obtained by the HYDRUS code for the same initial and boundary conditions. The 
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verification process focused on two main components: the relative error (erW ) for water 
flow, and the relative error (e/) for solute transport. 
Furthermore, a convergence study was conducted to ensure that implementation of 
the NICA model equations in the HYDRUS model did not affect the convergence of the 
Richards equation and the ADE. The convergence was tested by studying the rate at 
which the relative errors (erW and e/) were reduced with respect to the decreasing (dt) 
while keeping (dx) fixed and vise versa. The same convergence test was conducted as 
weIl on the HYDRUS mode!. The rates of error decay from both models were compared. 
3.5.2 Problem Description 
Simulations for the verification process were run for hypothetical conditions 
where water and P04 transport were considered simultaneously. The one-dimensional 
vertical domain included a homogeneous soil profile of 20 cm, with soil type of clay. 
Upper boundary condition was set to an atmospheric boundary condition, with a surface 
layer for water flow, and to concentration flux for solute transport. Lower boundary 
conditions, for the concentration gradient and hydraulic head, were set to free drainage. 
The hydraulic model considered was van Genuchten with no hysteresis. 
Simulations were run for P04 transport with non-linear adsorption. Identical parameter 
values, defining the profile and the P04 properties, were used for the HYDRUS-NICA 
and HYDRUS-1D models, except for the non-linear adsorption parameters. The 
simulations were run for 45 hours with an initial time increment (dt) of 2.40E-5 hours, 
and initial space increment (dx) of 0.1 cm. AlI parameters used in both models are shown 
in Table 3.2. These parameters were based on a preliminary study conducted to estimate 
the parameters needed by the NICA model; the details of the derivation and estimation of 
these parameters are described in Chapter 4. 
The verification process was run in two phases for both models. For the first phase, 
simulations were run at a very smaIl dt (2.40E-8 hr) while keeping ail other parameters 
the same. For the second phase, the simulations were run at a very smaIl dx (8.00E-2 cm) 
while keeping aIl other parameters the same. Results obtained from each model were 
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evaluated based on the values of erw and e/. This process aIlowed the observation of the 
development of errors due to numerical dispersion in both time and space, independently. 
Once the numerical stability of the HYDRUS-NICA model was confirmed, further 
analyses were performed to study the rate of convergence of the solutions provided by the 
model. These analyses were ron in two stages and were conducted on both the HYDRUS-
NICA and HYDRUS models. During the first stage, the simulations were run for 
decreasing dL(2.40E-08, 2.40E-09, 2.40E-1O, 2.40E-11, 2.40E-12, 2.40E-13, and 2.40E-
14 hr) while keeping dx fixed (8.00E-3 cm). During the second stage, the simulations 
were run for decreasing dx (8.00E-02, 6.77E-02, 5.71E-02, 5.00E-02, 4.40E-02, 4.40E-02, 
and 3.60E-02 cm) while keeping dt fixed (2.40E-08). The convergence was tested by 
studying the rate at which the relative errors (erW and e/) is decreasing with respect to the 
decreasing dt and dx, independently. By comparing the results from both models, the 
performance of the HYDRUS-NICA code was evaluated. 
3.5.3 Results 
Results from the verification of the HYDRUS-NICA code are listed in Table 3.3. 
The relative error (Error 1), calculating the numerical accuracy of the water flow equation 
is zero for both models, and for aIl simulations. Figure 3.5 compares the bottom water 
flux from the soil profile for both models; results calculated from the HYDRUS-NICA 
model are in good agreement (R2 = 1.00) with those calculated by the HYDRUS model. 
The relative error (Error 2), measuring the numerical accuracy of the solute 
transport equation (ADE) is, on average, less than 2% from both models. On average, the 
errors produced by the HYDRUS-NICA model was 1.32%, and the errors produced by 
the· HYDRUS model was 1.07%, for aIl simulations. The HYDRUS-NICA produced 
slightly higher errors during the first hour of the simulation that could be due to the 
chemical speciation routine (Equations 3.15 and 3.16) which calculate the free P04-3 ions 
in solutions and these values are usuaIly in the order of magnitude of 1E-13, depending 
on the initial concentrations. As a result, the ADE (Equation 3.8) during the first time 
steps of the simulation produces a higher error until it adjusts to the low values of P04 
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concentrations. Nevertheless, these results indicate that the HYDRUS-NICA code is 
numerically stable. 
The results from the convergence test are listed in Table 3.4. These results further 
confirm that Error 1 from both models is zero for aIl the different dt and dx tested. With 
respect to Error 2, the rate of relative error (e/) decay generated from both models 
HYDRUS-NICA and HYDRUS were equivalent (R2 > 0.99) in relation to decreasing dt 
and dx, independently. Furthermore, Error 2, for both models, decreased three orders of 
magnitude with respect to both decreasing dt and dx, but showed a higher sensitivity to 
the decreasing dx increments. The results indicate that the implementation of the NICA 
model equations did not affect the convergence ofboth Richards' equation for water flow 
(Equation 3.1) and ADE for solute transport (Equation 3.8). 
3.6 CONCLUSIONS 
It is weIl demonstrated that the development of a model to simulate P transport 
model in soil-water environments is much needed (Enright and Madramootoo, 2003; 
Heathwaite et al., 2000). As a consequence, a model (HYDRUS-NICA) was developed 
by coupling a hydrological model (HYDRUS model), with an aqueous chemical model 
(NICA model). This study presented in detail the conceptual, representational, and 
computational development of the HYDRUS-NICA model. Furthermore, the HYDRUS-
NICA code was verified to ensure that the modification to the HYDRUS code did not 
affect the computation of the numerical scheme. Verification of the code was performed 
by comparing the relative errors produced by the HYDRUS-NICA and HYDRUS models 
for the same initial and boundary conditions for different time and space increments. 
Errors produced by the HYDRUS-NICA model for water and P04 transport are slightly 
higher than the ones produced by the HYDRUS model for the same simulation conditions; 
yet on average they are less than two percent. The rate of error decay with respect to P04 
produced from both models is in good agreement indicating that the implementation of 
the NICA model did not affect the convergence of the governing equation for water flow 
and solute transport. In conclusion, results indicated that the numerical schemes of the 
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HYDRUS-NICA code are stable. Moreover, the numerical solutions provided by 
HYDRUS-NICA model could be further verified by a direct comparison with analytical 
solutions of the same governing equations discussed above; these analysis' will provide 
additional proofthat the HYDRUS-NICA code is numerically stable. 
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Table 3.1: Modeling Steps for Richards' Equation 
Steps Input Equation Output 
1 Head (h) @ x, t (boundary and initial conditions) Equation 3.2 Moisture ( 0) 
2 Moisture (0) Equation 3.3 
3 Equation 3.4 and 3.5 K(h) 
4 K(h), h Equation 3.1 (using FE and FD analysis) h @x+1, t+1 
Table 3.2: Input Parameters and Values for the Code Verification 
Parameters Units Description Value 
deQth cm deEth of the soil Erofile 20.0 
time hOUT simulation time 45.0 
mass mol 
dt hOUT time increment 2.40E-5 
dx cm sEace increment 2.00E-IO 
? 
• c: cm
3 cm-3 residual water content 6.80E-2 
? 
. ~ cm
3 cm-3 saturated water content 0.380 
? cm-J emEirical Earameter 0.008 
n emEirical Earameter 1.09 
1 Eore-connectivitl Earameter 0.50 
K~a' cmhr-J saturated hldraulic conductivitl 0.20 
?ll gcm-3 bulk densitl 1.50 
DL cm longitudinal disEersivitl 25.0 
CiLx2 mol cm-3 initial concentrations ofP04 in soil solution 0.001 
ht!J.fl. cm Pressure head on the upper boundary 8.00 
QuIse duration hOUTS time duration of the concentration Eulse 50 
Parameters for the FreundIich Isotherm 
kd, cmmg-J eguilibrium constant-adsorption isotherm 2.00 
f1 shaEe fitting Earameter-adsorption isotherm 3.00 
Parameters for the NICA adsorption model 
QH concentration ofH+ and OH- in solution 6.5 
OWQ4.L molki
J 
maximum site concentration for site tlEel 30 
OmQ,IZ mol kg-J maximum site concentration for site tlEe2 25 
el intrinsic heterogeneitl of the soil for site typel 0.830 
eZ intrinsic heterogeneity of the soil for site type2 0.240 
Kp04l median affinitl constant for P04 for site typel 2.26E+lO 
Ke,Q1.Z median affmit~ constant for P04 for site type2 1.24E+04 
ne,Q1. l non-idealitl behaviour ofP04 for site tlEe 1 0.822 
ne,Q1.Z non-idealitl behaviour of P04 for site tlEe 2 0.343 
al {KoH •J • [OH ])noH.( 250 
a2 {KoH•2 • [OH ])noH.2 0.700 
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Table 3.3: Results of the Code Verification 
Small dt Small dx 
HYDRUS HYDRUS-NICA HYDRUS HYDRUS-NICA 
Time Errorl Error2 Errorl Error2 Errorl Error2 Errorl Error2 
hour %- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 O.OE+OO 7.7lE+00 O.OE+OO 6.71E+00 O.OE+OO 2.92E+00 O.OE+OO 2.89E+00 
2 O.OE+OO 5.54E+00 O.OE+OO 3.35E+00 O.OE+OO 2.25E+00 O.OE+OO 2.15E+00 
3 O.OE+OO 4.53E+00 O.OE+OO 2.2lE+00 O.OE+OO 1.83E+00 O.OE+OO 2. 1 OE+OO 
4 O.OE+OO 3.92E+00 O.OE+OO 2. 1 9E+00 O.OE+OO 1.60E+00 O.OE+OO 1.89E+00 
5 O.OE+OO 3.50E+00 O.OE+OO 2. 1 9E+00 O.OE+OO 1.4lE+00 O.OE+OO 1.89E+00 
6 O.OE+OO 3.20E+00 O.OE+OO 2. 1 9E+00 O.OE+OO 1.30E+00 O.OE+OO 1.89E+00 
7 O.OE+OO 2.94E+00 O.OE+OO 2. 1 9E+00 O.OE+OO 1.18E+00 O.OE+OO 1.89E+00 
8 O.OE+OO 2.70E+00 O.OE+OO 2. 1 9E+00 O.OE+OO l.l0E+00 O.OE+OO 1.89E+00 
9 O.OE+OO 2.60E+00 O.OE+OO 2. 1 9E+00 O.OE+OO 1.00E+00 O.OE+OO 1.89E+00 
10 O.OE+OO 2.45E+OO O.OE+OO 2. 1 9E+OO O.OE+OO 9.80E-Ol O.OE+OO 1.l0E+OO 
11 O.OE+OO 2.33E+00 O.OE+OO 2.l9E+00 O.OE+OO 9.3lE-01 O.OE+OO 1.lOE+OO 
12 O.OE+OO 2.23E+OO O.OE+OO 2.l9E+00 O.OE+OO 8.90E-Ol O.OE+OO 1.10E+00 
13 O.OE+OO 2. 13E+OO O.OE+OO 2.19E+00 O.OE+OO 8.53E-Ol O.OE+OO 1.10E+00 
14 O.OE+OO 2. 1 OE+OO O.OE+OO 2.l0E+00 O.OE+OO 8.2lE-01 O.OE+OO 1.lOE+OO 
15 O.OE+OO 1.98E+00 O.OE+OO 2.l0E+00 O.OE+OO 7.9lE-01 O.OE+OO 1.lOE+OO 
16 O.OE+OO 1.91E+00 O.OE+OO 2.l0E+00 O.OE+OO 7.64E-Ol O.OE+OO 1. 1 OE+OO 
17 O.OE+OO 1.86E+00 O.OE+OO 2.10E+00 O.OE+OO 7.40E-Ol O.OE+OO l.l0E+00 
18 O.OE+OO 1.83E+00 O.OE+OO 2.10E+00 O.OE+OO 7.20E-Ol O.OE+OO 1.10E+00 
19 O.OE+OO 1.8 1 E+OO O.OE+OO 2.l0E+00 O.OE+OO 7.20E-Ol O.OE+OO 1.10E+00 
20 O.OE+OO 1.8 1 E+OO O.OE+OO 2.l0E+00 O.OE+OO 7.20E-01 O.OE+OO 1.10E+00 
21 O.OE+OO 1.8lE+00 O.OE+OO 2. 1 OE+OO O.OE+OO 7.20E-Ol O.OE+OO 1.10E+00 
22 O.OE+OO 1.8lE+00 O.OE+OO 2.10E+00 O.OE+OO 7.20E-Ol O.OE+OO l.l0E+00 
23 O.OE+OO 1.8 1 E+OO O.OE+OO 2.10E+00 O.OE+OO 7.20E-Ol O.OE+OO l.l0E+00 
24 O.OE+OO 1.8lE+00 O.OE+OO 2.l0E+00 O.OE+OO 7.20E-Ol O.OE+OO 1.10E+00 
25 O.OE+OO 1.8lE+00 O.OE+OO 2.l0E+00 O.OE+OO 7.20E-Ol O.OE+OO 1.10E+00 
26 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 7.80E-Ol 
27 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 7.80E-01 
28 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-Ol 
29 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-Ol 
30 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-Ol 
31 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-Ol 
32 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-Ol 
33 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-01 
34 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-Ol 
35 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-OI 
36 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-OI 
37 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-OI 
38 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-OI 
39 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-Ol 
40 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-Ol 
41 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-Ol 
42 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-01 
43 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-OI 
44 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-OI 
45 O.OE+OO 1.50E-02 O.OE+OO 9.00E-02 O.OE+OO 7.00E-02 O.OE+OO 2.30E-OI 
,r-
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Table 3.4: Results from the Convergence Test 
Rate of Decay 
Models HYDRUS-NICA HYDRUS 
dt (hour) Errorl Error2 Errorl Error2 
2.40E-8 O.OE+OO 1.52E-03 O.OE+OO 1.62E-03 
2.40E-9 O.OE+OO 8.76E-04 O.OE+OO 9.86E-04 
2.40E-I0 O.OE+OO 5.23E-04 O.OE+OO 4.83E-04 
2.40E-II O.OE+OO 2.IIE-04 O.OE+OO 1.89E-04 
2.40E-12 O.OE+OO 7.90E-05 O.OE+OO 7.89E-05 
2.40E-13 O.OE+OO 1.45E-05 O.OE+OO 1.56E-05 
2.40E-14 O.OE+OO 6.50E-06 O.OE+OO 6.53E-06 
dx(cm) 
8.00E-2 O.OE+OO 6.48E-03 O.OE+OO 6.54E-03 
6.77E-2 O.OE+OO 4.83E-03 O.OE+OO 4.53E-03 
5.7IE-2 O.OE+OO 1.45E-03 O.OE+OO 1.39E-03 
5.00E-2 O.OE+OO 9.95E-04 O.OE+OO 9.89E-04 
4.40E-2 O.OE+OO 7.63E-04 O.OE+OO 7.59E-04 
4.00E-2 O.OE+OO 6.55E-05 O.OE+OO 6.56E-05 
3.60E-2 O.OE+OO 5.5IE-05 O.OE+OO 5.50E-05 
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Figure 3.1: The Framework of the Model 
CHEMICAL MODULE ~ (NICA Mode!) 
SOLUTE MODULE f-----+ [P04] vs. x (HYDRUS Mode!) [P04] vs. t 
WATERMODULE r (HYDRUS Model) 
Figure 3.2: The Framework of the Water Module 
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Figure 3.4: The Framework ofthe Chemical Module 
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CONNECTING TEXT TO CHAPTER 4 
This chapter is a manuscript accepted for publication in the journal of 
Environmental Pollution in 2007. The manuscript is co-authored by my 
supervisor Dr. C.A. Madramootoo and Dr. W.H. Hendershot, Prof essor at the 
Natural Resource Sciences Department of McGill University. The format has 
been changed to be consistent with this thesis. Alliiterature cited in this chapter is 
listed in the reference at the end of this thesis. 
The development of the HYDRUS-NICA model was provided in Chapter 
3. It is believed that the NICA model is theoretically capable ofproviding a better 
portrayal of the adsorption of phosphorus (from inorganic sources) to the soi!. 
However, it was not proved experimentally throughout the literature for soils in 
southern Quebec. Therefore, this chapter investigates the ability of the NICA 
model to adequately describe phosphorus adsorption to soils collected from 
agricultural fields in southern Quebec based on experimental and numerical 
analysis. This is the topic of the following article. 
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CHAPTER 4: Modeling Phosphate Adsorption to the Soil: 
Application of the Non-Ideal Competitive Adsorption Model 
Joumana Abou Nohra, Chandra Madramootoo, and William Hendershot 
ABSTRACT 
This study investigated the ability of the non-ideal competitive adsorption 
(NICA) model to accurately describe phosphate (P04) adsorption for soils in 
southem Quebec (Canada). The surface charge and P04 adsorption capacity was 
measured for Il agricultural soil samples. Utilizing the experimental data and a 
nonlinear fitting function, the NICA mode1 parameters were derived. The results 
showed that the NICA mode1 could accurate1y described the surface charge of 
these soils with a mean R2 > 0.99, and described the adsorption data with a mean 
R2 = 0.96. The results also showed that the variable surface charge was distributed 
over the two binding sites (the low and high pH sites) as the low pH sites 
demonstrated a stronger binding energy for hydroxyl and P04 ions. It was 
established that the NICA mode1 is able to describe P adsorption for the soils 
considered in this study. 
Keywords: variable surface charge; P04 adsorption; NICA mode1; chemical 
mode1ing 
4.1 INTRODUCTION 
In the past decade, phosphorus (P) has been considered the main 
contributor to eutrophication in rivers and lakes of southem Quebec, Canada 
(Giroux and Tran, 1996). Elevated concentrations of P in the surface water (> 
0.03 mg L-1) are attributed to non-point source pollution from agricultural 
watersheds as a result of continuous application of manure as fertilizer. Moreover, 
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it has been shown that a considerable percentage of P loads in these watersheds 
cornes from subsurface discharge of tile-drained fields (Enright and Madramootoo 
2003; Simard, 2005). Phosphorus is being transported from the field into the 
rivers and lakes through surface and subsurface runoff. 
Phosphorus interacts with soil partic1es in its exchangeable form known as 
orthophosphate; in soils they can be found as dissolved species or bound to the 
soil functional groups (McBride, 1994). The different forms of orthophosphoric 
acid that can exist in the soil solution are H3P04, H2P0 4 -l, HP04 -2, and P04 -3. The 
relative concentration of the different forms is controlled by pH; however P04-3 
has the strongest binding capacity to the soil functional groups at the soil pH 
(McBride, 1994). Therefore, for this study P04·3 was the orny form considered in 
studying orthophosphate adsorption. 
Orthophosphate strongly adsorbs through covalent bonding to soil 
functional groups forming stable bonds (Sposito, 1982). The soil acts as a sink 
that traps P04 found in the soil solution (Sharpley et al., 1981; 1984, Sharpley 
1995a). As a result, it was believed that P transport through subsurface runoffwas 
negligible. However, for the most highly fertilized soils, any added P04 can 
exceed the P sorption capacity of the soil, causing P04 concentrations to increase 
in the soil solution (Sharpley, 1995b). Phosphorus sorption capacity of the soil is 
influenced by the Al and Fe functional group content of the soil, and by the 
buffering capacity of the soil to added P (Tan, 1998). Therefore, increasing P04 in 
the soil solution promotes the transport of P through matrix flow. However, 
further studies are needed to understand the behaviour of orthophosphates in the 
soil water environment under different conditions of pH, ionic strength, and soil 
properties. 
Freundlich and Langmuir adsorption isotherms have been extensively 
applied to describe contaminantlnutrient adsorption onto the surface of soil 
partic1es (Goldberg, 1998). These isotherms are empirical models; they provide a 
distribution-equilibrium coefficient that describes the ratio of adsorbed to 
dissolved orthophosphates. The disadvantage of empirical models is that they can 
only be applied to the conditions under which the experiment was conducted 
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(Goldberg, 1998). As an alternative, surface complexation mode1s (SCM) were 
introduced based on the diffused double layer (DDL) theory. SCM describe the 
reaction of aqueous species with soil functional groups based on thermodynamic 
properties (Sparks, 2003). SCM represent an improvement over empirical models 
of adsorption; the equilibrium coefficient they pro vide depends on soil properties 
and the nature of aqueous species involved (Koretsky, 2000). However, SCM 
require the calibration of more than 8 parameters for every species studied; hence 
they lack simplicity for their application (McBride, 1997). 
Koopal et al. (1994) introduced a new approach called the non-ideal 
competitive adsorption model (NICA) model. The NICA model is a continuous 
adsorption model designed to describe metal adsorption onto organic matter. It 
considers that metal ions form inner-sphere complexes with soil functional groups. 
The model assumes two types ofbinding sites: the carboxylic and phenolic groups. 
It utilizes a bimodal affinity distribution to take into consideration these two 
binding sites (Koopal et al., 1994; 2001; Benedetti et al., 1995). The NICA mode1 
divides the overall non-ideality into intrinsic heterogeneous contribution 
parameters (property of the soil surface) and ion specific non-ideality parameters; 
it assumes a continuous distribution of heterogeneous ligands (Kinniburgh et al., 
1996). This feature allows the application of the NICA mode1 to real field 
conditions through its calibrated parameters. The NICA model has been 
successfully applied to describe surface charge and metal binding in forest and 
agricultural soils (Ge, 2002; Taillon, 2005). 
For this research, the NICA model was chosen to describe adsorption 
because of the similarity between P04 binding onto soil functional group and 
metal binding onto organic matter. They both involve inner sphere complexes or 
covalent bonds through ligand exchange. Based on this understanding, it was 
believed that the surface charge and P04 adsorption data could be fitted to the 
NICA model for agricultural soil in southern Quebec based on the methodology 
followed by Benedetti et al. (1995), Ge (2002), and Taillon (2005). The objectives 
of this study are: 1) to study P04 adsorption in relation to soil properties for 
agricultural soils in southem Quebec; 2) to investigate the ability of the NICA 
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model to accurately described P04 adsorption for these soils; and 3) to derive the 
pararneters of the NICA model from surface charge and adsorption data for soils 
in southern Quebec. 
4.2 MATERIAL AND METHODS 
4.2.1 Sample Collection and Preparation 
In summer and faH of2004, soil sarnpling was conducted at three different 
agricultural sites in Quebec (Canada) representing different soil types. The first 
field is located on the Pike River watershed, in southem Quebec (450 7' N; 73 0 3' 
W). The field has a surface drainage area of 7 ha (Simard, 2005). The land use 
was agricultural; a comfield with conventional tillage. The soil type was a 
mixture of Bedford sandy clay loarn surrounded by Ste. Rosalie clay loam and St. 
Sebastien shaly loarn (Cann et al., 1947). The mode of deposition, for these 
gleysolic soils, was glacial-Iacustrine. The field has less than a 2% slope, arnd 
moderately weIl drained. Three locations were chosen along this field for soil 
sarnpling; they were situated at 100, 300 and 500 m from the outlet of the field. 
From each location, soil sarnples, representative of the location, were taken at 
three depths (0-30, 30-60, 60-90 cm) along the soil profile. 
The second site is located in St. Anne-de-Bellevue, Montreal (450 25' N; 
73 0 56' W). The field is approximately 3 ha in size. A total of four representative 
sarnples were coIlected from the top 10 cm from a plot located in the south east 
side of the field. The soil type was St. Amable shaIlow loarny sand. The third site 
is located in St. Anne-de-BeIlevue, Montreal as weIl (450 26' N; 73 0 55' W). The 
field is approximately 5 ha in size. A total of two representative sarnples were 
collected from the top 10 cm from the Ap horizon of the field. The soil type was a 
mixture of a Chateauguay clay loarn and Bearbrook clay. AlI the soil sarnples 
were air-dried and ground to break up the aggregates, and then passed through a 
2-mm sieve for subsequent analyses. 
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4.2.2 Soil Chemical Analysis 
Soil pH was measured with a soil-water ratio of 1:2 for aIl samples 
(Hendershot et al., 1993a). Cation ex change capacity (CEC) and exchangeable 
cations were determined based on the method outlined by Hendershot et al. 
(1993b) using the BaCh extraction method. Particle size distribution was 
determined using the hydrometer method first described by Day (1965) as 
outlined by Sheldrick and Wang (1993). The organic matter content was 
determined by the loss-on-ignition method. Exchangeable P04 was measured 
using the Mehlich III method that was developed by Mehlich (1984) as described 
by Tran and Simard (1993). The Mehlich III extractions were further analyzed for 
exchangeable Fe and Al using the atomic absorption spectrophotometer (Perkin 
Elmer Model 2380, Colorado, USA). 
4.2.3 Back Titration Experiment 
The back-titration method of Duquette and Hendershot (1993) was 
adopted to determine the surface charge as a function of pH. Soil was weighed (1 
g) in a 100 mL beaker and 50 mL 0.01 M Ca(N03h was added as a background 
electrolyte. The suspension was then stirred until the pH stabilized. The soil 
suspension was titrated to a pH of 3.5 with standardized 0.1 M RN03. The 
suspension was left for 2 minutes to equilibrate, after which it was back titrated to 
pH of 8.0 with 0.005 M Ca(OHh at a rate of 0.2 mL min- l . The volumes of the 
acid and base added were recorded. A reference back-titration was conducted for 
each sample. The same procedure was followed except the suspension, after being 
titrated to pH of 3.5, was centrifuged for 20 minutes and then filtered 
(Fisherbrand filter paper, Q2; fine porosity) before the supematant was back-
titrated as stated above. The eleven samples were analyzed in duplicate. 
Based on the OH-1 consumed by the main sample and the reference sample 
of the back-titration, the variable surface charge (Qv) ofthe soil can be calculated. 
At a fixed soil pH, the Qv can be calculated by subtracting OH- consumed by the 
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reference sample from the mam sample based on the following equation 
(Duquette and Hendershot, 1993): 
where Qv = pH dependent charge due to OH- consumption - cmolc kg-1 
Qs = OH- consumed by the sample - cmo1c kg-1 
Qr = OH- consumed by the reference sample - cmolc kg-1 
Cbase= concentration ofbase used to back titrate - mol L-1 
Wsoil = weight of soil - g 
Vs = volume of the base added during sample titration - mL 
Vr = volume of the base added during reference titration - mL 
Vo = volume of background electrolyte and added acid - mL 
V.m = volume of supematent - mL 
4.1 
a = unit conversion factor, 100 (1000 g kg-1 x 0.001 L mL-1 x 100 cmolc 
molc-1). 
4.2.4 Batch Adsorption Experiment 
Batch adsorption experiments were conducted based on the procedure 
outlined by Ge (2002) at five different concentrations of P04-3 with KCI as the 
background e1ectrolyte. Air dried soil was weighed (2 g) into 30 mL centrifuge 
tubes to the nearest O.OOlg. Twenty five mL of O.OIM of KCI and KH2P04 
solution was added for a final P04 concentration of 0.75, 1.5,2.99, and 3.54 g L-1• 
The sample was placed in an end-over-shaker for 18 hours, centrifuged for 20 
minutes, filtered (Fisherbrand filter paper, Q2; fine porosity) and stored at 4°C. 
The centrifuge tubes were then weighed. Aliquots of unfiltered supematant were 
taken for pH analyses. The filtered samples obtained from this experiment were 
analyzed with flow injection colorimeter (Lachat; Model Quick Chem 8200, 
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Milwaukee, USA) for P04 within a week of the extraction. The experiment was 
run for aIl Il sampI es in triplicate. The difference between the amounts of P04 
added, and the amount measured in solution yields the amount of P04 adsorbed to 
the soil. The experiment was performed at the pH of the soil, because the interest 
was to stduy P04 adsorption in relation to the conditions found in the field. 
4.2.5 Estimation of Free Phosphate Concentrations 
Orthophosphates can exist in soil solution in different forms (H3P04, 
H2P04-1, HP04-2, and P04-3) or complexed with other ions. The NICA model 
requires as input the concentration of free P04 -3 in solution. From the adsorption 
experiment, the total amount of P04 present in solution could be measured. 
However, the measured concentration in solution does not reflect the amount of 
free P04-3 in solution in equilibrium with P04 adsorbed to the soil surfaces. 
Therefore, the free concentration of P04-3 must be estimated because these P04 
concentrations are not in complexation with other cations in solution so they are 
free to adsorb to the soil metal oxides. The concentration of free P04 -3 is used to 
model the concentration of P04 adsorbed, while the total concentration of P04 in 
solution will be used to study the adosprtion curves (isotherm) 
The free concentration of P04-3 in solution was determined using Visual 
MINTEQ (Gustafsson, 2005: ver. 2.40), an equilibrium speciation model. The 
concentrations of P04 measured in the equilibrated solutions were inc1uded in the 
program for the P04-3 component. The pH was fixed to the value of the measured 
pH for each of these extracts, and gibbsite (logK = 7.74) was considered to 
control the activity of At3 in solution. 
4.2.6 Modeling Phosphate Adsorption 
Fitting Surface Charge Data to the NICA Model. The NICA mode! 
assumes that cation complexation occurs through specific binding between the 
cations and negatively charged surface functional groups ofhumic substance. The 
details of the NICk model have been presented by Koopal et al. (1994) and 
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Kinniburgh et al. (1996). The NICA mode1 considers the distribution of binding 
affinities on organic matter is composed of two main sites: the carboxylic and 
phenolic. For this study, it is assumed that the variable surface charge of mineraI 
soils being studied is distributed over two types of binding sites: low pH (site 1) 
and high pH (site 2) (Sparks, 2003). Several studies in the literature has shown 
that variable surface charge of the soils, with similar properties to the ones being 
studied, have two main binding sites for anion (OH) binding (Taillon, 2005; Jiao 
2005). Therefore, the NICA model is being applied to describe surface charge 
over two binding sites. The equation, presented by Koopal et al. (1994) to express 
the total amount of proton (H) bound to the organic matter, was adapted to 
describe hydroxyl (OH) adsorption to the soil as follows: 
4.2 
4.3 
where Qvl is the total amount of OH- adsorbed to the first type of binding sites, 
Qv2 is the total amount of OH- adsorbed to the first type of binding sites, QOH is 
the total amount of OH- adsorbed to the soil at the hydroxyl concentration of [OH], 
Qmax is the total number of available hydroxyl binding sites (cmolc kg-1), [OH-] is 
the concentration of hydroxides at the surface of the soil particle, KOH is the 
median value of the affinity distribution of [OK], and m is a measure for the 
heterogeneity of the soil particle surface. The subscripts 1 and 2 represent the two 
binding sites, low pH and high pH sites, respective1y. The derivation of this 
equation is described in details in Chapter 3. When adsorption data is available, m 
can be split into an ion specific component and a substrate-specific component; 
when oruy hydroxyl data is available; this partition is not possible (Tipping, 2001). 
The ability of the NICA model to fit the surface charge data was evaluated 




where Qv,i or QOH,I= (=SO-) and Qmax,l= (=So-) + (=soIl\ Taking Equation 4.4 
into consideration, Equation 4.3 was rearranged to describe the variable surface 
charge of OH- binding to the two sites by the following equation (Ge and 
Hendershot, 2004; Taillon, 2005): 
Q = a + (Q_. r + Q-,) 4.5 
OH 1 + 1010gKOH,-poH' 1 + (1010gKOH2-poH m2 
To account for the fact that QOH is not equal to zero at the beginning of the 
titration, a vertical fitting parameter (a) was introduced. The variable surface 
charge data versus pH from the back titration experiment were fitted to Equation 
4.5 to derive the parameters QmaxI, Qmax2, KOHl, KOHl, mOHl, mOHl, and a, over a 
pH range of 3.5 to 8 for the 11 samples in duplicate. The input values needed 
were pH and surface charge. The optimization was performed using the Solver 
command in Microsoft Excel, which utilizes the Generalized Reduced Gradient 
(GRG2) nonlinear optimization code developed by Lasdon et al. (1978). The 
minimizing function within the solver command was used to optimize the surface 
charge data; it mÏnimizes the sum of the squared difference between the measured 
and predicted values. The initial values for Qmax and 10gKoH for the two binding 
sites were based on the study conducted by Milne et al. (2003); the reported 
values for 10gKH were transformed into 10gKoH. The coefficient of determination 
(R2), the root mean square error (RMSE), and shape correspondence were used as 
fitting criteria while minimizing the difference between the measured and 
predicted values. The solver command was set to run at 1000 iterations for 100 
seconds with 1.00E-03 precision and 5% tolerance. The optimizations were run in 
the following order. First, the surface charge equation was optimized by fitting the 
values of Qmaxi and Qmax2; the solver command was run for the values of Qmaxi 
and Qmax2 by keeping aIl other 5 parameters fixed until the maximum surface 
charge was reached. Then the values of KOHl and KOHl were fitted while keeping 
aIl other parameters fixed until the best fit was obtained; highest R2 value with the 
minimum value ofRMSE. Finally, the 'a', mOHl, and mOHl values were optimized 
simultaneously to obtain the best shape fit. The above procedure was repeated 
until there was no-improvement to the fit. Continuous iterations, up to 1000, were 
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run following this optimization scheme until the maximum value for R2 could be 
reached while minimizing the RMSE value. The calibration and parameter 
optimization was performed on aIl Il samples in duplicate. 
Fitting Adsorption Data to the NICA Model. The NICA 2-surface 
model was developed by Koopal et al. (1994) to describe the binding of metal 
(cation) onto organic matter. For this study, the NICA model was adapted to 
describe orthophosphate (anion) adsorption onto the soil particle surface 
functional groups for two types ofbinding: low pH (site 1) and high pH (site 2). 
The literature has shown that P04 is mainly distributed over two binding sites, and 
they are pH dependent (Sparks, 2003; Jiao 2005; Goldberg and Sposito, 1984). It 
was believedthat both orthophosphates anions and metal cations bind through 
specific adsorption (Goldberg and Sposito, 1985; Tan, 1998). The following 
explains the adaptation of the NICA model to describe orthophosphate P04-3 and 
OH-1 adsorption to soil functional groups. 
Equations 4.6-4.1 0 show the stepwise reactions of a trivalent 
orthophosphoric acid in solution as adapted from Lindsay (1979). 
P04-3 + F = HPO/ 4.6 
HPO/+F=H2PO/ 
H2PO/ + F = H3PO/ 
P04-3 + 2F =H2PO/ 





The NICA model expresses the proton and metal binding to a negatively charged 
site of type S by the following reactions: 
SO-1 + F I = soIl' 4.11 
So-l + ifZ = SOM(z-l) 4.12 
However, the binding of hydroxides and phosphate anions to the soil functional 
groups are described by the following chemical reactions (Goldberg and Sposito, 
1984). 
SOH/1 + OH1 = soIl' +H20 
SOH2+1 + H3P04(aq) = SH2P04(S) + H20 + F 





SOH2 +1 + HPO/ = SP04-2 + H20 + F 
SOH2 +1 + PO/ = SPOi2 + H20 
4.16 
4.17 
So the orthophosphate anion (L= P04-3) binding to the soil functional group could 
be described by the NICA mode1 by the following equation (adapted from 
Schindler and Stumm, 1996): 
SOH2+1 + r z = SL1-z + H20 4.18 
where l-z is an anion of charge z+; SOH2 +1 and sr(z-1) are surface species. The 
competing ions with P04-3 are the hydroxide ions as opposed to protons with 
regard to metal adsorption. These reactions imply monodendate binding of P04-3 
to all of the sites. Therefore, the NICA model was adapted to describe P04-3 and 
OH-1 adsorption onto the two sites in the following modified form (Koopal et al., 
1994; Kinniburgh et al., 1996): 
where P04 refers to P04-3. The Qmax is the total amount of binding sites (mol 
kg-1), Kp04 is a median affinity constant for component P04-3, [P04] is the 
concentration of component P04-3 (mol L-1), n accounts for the non-ideality 
behaviour of component P04-3, and p represents the intrinsic heterogeneity of the 
soil surface and is common to all components. Both n and p vary between 0 and 1; 
the smaller the value of n the greater is the non-ideality of the component. The 
parameter KOH and the subscript 1 and 2 are the same as in equation 3. The 
complete derivation of Equation 4.19 is described in details in Chapter 3. 
Based on Equation 4.19, the data obtained from the batch adsorption 
experiment were fitted with the NICA mode1 equation to obtain P04-3 and OH-1 
binding parameters. The average values of the optimized parameters (Qmax1, Qmax2, 
66 
KOHl, KOH2, ml, and m2) from the charge data, based on equation (4), served as 
input to NICA model equation (9). The mOH(l,2) were separated into nOH(l,2) and 
P(1,2) (Kinniburgh et al., 1996). The nOH and P were optimized simultaneously as a 
function of mOH and P based on the following equation: 
lognoH = logmoH -logp 4.20 
In addition to the surface charge parameters, Equation 4.19 required as input the 
free P04-3 concentrations and pOH data, which were calculated using Visual 
MINTEQ (Gustafsson, 2005) as described in the previous section. 
The optimization was performed as well using the Solver command in the 
Microsoft Excel. Likewise, after several calibrations, the solver command was set 
to ron at 1000 iterations for 100 seconds with 1.00E-09 precision and 5% 
tolerance. AlI Il samples of surface charge parameters were utilized to optimize 
the P04 adsorption parameters. There were three replicates of adsorption data for 
each of the Il samples, 8 sampI es were used for parameter estimation and 
calibration, and the other three samples were used for validation. Therefore, each 
sample had three sets of fitted adsorption parameters. The values of Qmaxl, Qmax2, 
KOHl, and KOH2, were held fixed for all runs. The initial values for Pl, and P2 were 
estimated based on the study conducted by Milne et al. (2001). First, all the 
parameters were he1d fixed except for Kp04,1 and Kpo4,2. The initial values for 
Kp04,1 and Kpo4,2 were based on the values reported by Jiao (2005). Once a 
reasonable fit was obtained by the solver, then np04,1, np04,2, pl, andp2 parameters 
were fitted simultaneously while keeping all other parameters fixed, until a good 
fit of shape was obtained. At the same time, an additional condition was imposed 
to assure that the values of nOHl and nOH2 did not exceed 1.00. A reasonable fit by 
the solver indicates minimizing the mean square error (RMSE) between the 
calculated and experimental values, while maximizing the value for the 
coefficient of determination (R\ 
Validating and Calibrating the NICA Model Code. Based on Equations 
4.3 and 4.19, a FORTRAN code (Compaq Visual Fortran version 6.6) was written 
to simulate the NICA model. The code required three input files: the soil 
properties parameter input file (QmaxI. Qmax2, PI, and P2), the species properties 
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parameter input file (Kpo4,1, K po4,2, np04,J, np04,2, KOHl, KOHl, nOHJ, nOHl), and the 
total P04 concentration and pH input file. The code included a speciation routine 
to calculate the total free P04-3 in solution based on the input total P04 and pH. 
However, the code did not include the activity of AI+3 (gibbsite) in solution 
because the concentration of the AIP04 compounds in solution were on average 
less than 1 %; the concentration of AI+3 in not high in solution to form 
complexation with the P04 anions to decrase significantly the concentration of 
P04 in solution and prevent the P04 from binding to the soil complexes. The 
output from the code are the concentrations of P04-3 adsorbed (mol kg-l) in 
relation to the concentrations of P04-3 (mol L- I ) in solution. The performance of 
the code was first tested by both the surface charge and the adsorption data. An 
average R2 value> 0.990 was obtained for all sampI es. The model was vaHdated 
with three sets of independent samples, where the average values of aIl 12 
calibrated parameters for the nine samples was used. Table 4.1 summarizes aIl the 
fitting and validation steps performed as adapted from Benedetti et al. (1995). 
4.3 RESULTS AND DISCUSSION 
4.3.1 Soil Chemical Properties 
The chemical properties of the Il sampI es considered in this study are 
listed in Table 4.2. The pH ranged from 4.0 to 6.5, Mehlich-III P from 4.8 to 87.9 
mg kg-l, Mehlich-III Fe from 18.3 to 64.0 mg kg-l, and Mehlich-III Al from 89.0 
and 166.2 mg kg-l. The clay % varied from 8 to 53, creating a range of soil 
textures from loamy sand to clay. The organic matter in these soils was relatively 
low « 10%), and the exchangeable Al content exceeded exchangeable Fe content. 
The CEC values showed a wide range from 4.4 to 24.3 cmolc kg-l. 
Soils showed a similar trend vertically for most of the soil properties. 
There was a decreasing trend down the soil profile for OM, Mehlich-III P, 
Exchangeable Fe, and the % clay, while an increasing trend was observed with 
respect to the pH and CEC values. Samples 10 and Il collected from the Ap 
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horizons show different trends; they both had lower pH values and higher OM 
content than the other 9 samples. Furthermore, the average P saturation 
percentage was calculated, which is the ratio of the P Mehlich-III to the Al 
Mehlich-III concentration (CRAAQ, 2003). Phosphorus saturation decreased with 
depth: average values of 7% in top 30 cm, 3.5% in the 30 to 60 cm range, and 
0.8% n the 60 to 90 cm range were calculated. According to Giroux and Tran 
(1998), the samples from the top 30 cm are classitied as average to high in P 
saturation, while the rest of the soil samples having values less than 5% are 
classitied as low. However, the criticaI level for P saturation in Quebec is 
considered to be 10%, above which it poses an environmental concem. 
4.3.2 Surface Charge Data 
The back titration of the soil measured the consumption of OH-1 by the 
soil through proton dissociation from soil particle surface. The variation of Qv 
(change in charge on the soil particle surface), as measured by the back titration 
and as predicted by the NICA model, against the increase in soil pH are shown in 
Figure 4.1. Only two samples were shown because aImost aIl the sampi es show 
the same trend in surface charge. For most soils, the maximum Qv values varied 
between 27 and 62 cmolc kg- l with the exception of sample 11, its Qv peaked to 
150-180 cmolc kg- l . These surface charge data are higher than those reported by 
Taillon (2005), but faIl within the ranges reported by Ge and Hendershot (2004) 
and Duquette and Hendershot (1993). Taillon (2005) and Ge and Hendershot 
(2004) conducted the same experiment on similar agriculturaI soils. These 
e1evated values for the surface charge data could be attributed to the relatively 
e1evated clay % and moderate organic matter contents of the soil. 
The results showed that variable surface charge was mainly generated by 
the tirst binding site between log OH- values of -10.5 and -8.0; where Qvl 
compromised between 98 and 80% of surface charge (Figure 4.1). As pH values 
increased (> 7.5), the increase in variable surface charge was associated with the 
second binding sites. The determination of the pH at which low and high pH sites 
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occur depends on the zero point charge (ZPC) of the soil (the inflection point in 
the curves presented in Figure 4.1); the pH at which the soil has zero charge. For 
example, below the ZPC the low pH sites are dominant, and above the ZPC the 
high pH sites are dominant. The variable surface charge of mineraI soils is 
composed of the variable anion ex change capacity (AEC), and cation exchange 
capacity (CEC). However, the AEC is dominant at the low pH (site 1) and 
diminishes as the pH increases (Yu, 1997), while the CEC is dominant at high pH 
levels. That explains the aftinity of OH anions adsorption is to the tirst sites (the 
low pH sites). These tindings are similar to those reported by Ge (2002) and 
Taillon (2005). 
The results show that surface charge for OH bindin was mostly 
concentrated on the tirst binding sites for all the soil samples considered in this 
study. However, the relative concentration of OH to the tirst binding sites slighty 
differs between the samples. The results show that sample Il, which is a heavy 
clay soil, has the highest surface charge of the tirst binding site and is on order of 
magnitude higher than the rest of the sampi es. This soil sample is a mixture of 
Chateauguay clay loam and Bearbrook clay, which have high concentrations of 
aluminum and iron oxides on the soil surface. 
4.3.3 Phosphate Adsorption 
Phosphate adsorption data, as measured by the experiment and predicted 
by the NICA model, are shown in Figure 4.2. For all samples, P04 adsorption 
increased with higher concentrations of added KH2P04. Only two samples are 
shown because most of the samples had a similar trend and shape of curve; the 
two samples were collected from the three different depths. The three graphs 
show that the cmoles of P04-3 adsorbed plus the native P04-3 per kg of soil in 
relation the mmoles of total P04-3 per litre of soil solution. For most of the 
samples, the adsorption isotherms show a trend similar to the H-type isotherms 
(Sparks, 2003). These isotherms are characterized by initially having a steep slope, 
and are called high aftinity curves, which indicate high affinity of the solute to the 
70 
soil. The shape of the curve reflects the P04 sorption capacity and the slope of the 
curve reflects the buffering capacity for freshly added P (Bache & Williams, 
1971). 
Most of the samples reached a maximum P04 adsorption capacity between 
0.2 and 0.3 cmol kg-l, which constitutes a small portion of the measured variable 
surface charge of the soils. However, the concentration of P in solution in relation 
to the maximum adsorptive capacity of the soil samples is less than the Quebec 
provincial norms (0.3 mg L-1) ofP in soil solution by one order of magnitude. 
The results obtained, from this study, are one order of magnitude lower 
than those reported by Chen et al (1973) for alumina and kaolinite soils, and by 
Jiao (2005) for manure amended sandy-Ioam soils. The difference between the 
results obtained in this study and those reported by Chen et al. (1973) and Jiao 
(2005) could be due to the different mineraI composition and/or high organic 
matter content in their soil samples; the alumina and kaolinite soils and organic 
soils have more (metal aluminum and iron oxides) binding sites to adsorb P04 
However, further experimentation (oxalate extraction of Aluminum and Iron) on 
the mineraI composition of the soils tested in this chapter would better explain 
P04 adsorption to the soil. 
4.3.4 Modeling Phosphate Adsorption 
Estimation of the NICA Model Parameters. The average values of the 
optimized surface charge parameters of the NICA model as fitted to the measured 
surface charge of the soil are listed in Table 4.3. The estimated parameters of the 
NICA model described the measured surface charge data set with an average R2 > 
0.99. For most soil samples, the Qmaxi was slightly lower than Qmax2 except for 
sampI es 2 and Il; both adsorption sites (low and high pH sites) have similar 
adsorption maximum. The large standard deviation reported for the average Qmaxl-
2 values is due to sample 11 (clay sample) which has Qmax values in the range of 
85-92 cmole kg- I . However, the values for both the Qmaxl and Qmax2 fall in the 
same range as the values reported by Milne et al. (2001) and Taillon (2005), but 
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are one magnitude lower than the values reported by Ge and Hendershot (2004). 
In comparison with the values reported by Jiao (2005), his Qmaxl values are one 
magnitude lower than the values reported in Table 4.3, while his Qmax2 values faU 
within the same range. Taillon (2005), Ge and Hendershot (2004), and Milne et al. 
(2001) reported 10gKH values for sites 1 and 2; by recalculating these values in 
10gKoH terms, the values calculated by this study could then be compared to their 
results. AU studies, including Jiao (2005), reported higher 10gKoHl values than 
10gKoHl, which corresponds to the values reported in Table 4.3. The values for 
10gKoHl are slightly lower than the values reported by Taillon (2005), Milne et al. 
(2001), Ge and Hendershot (2004), and Jiao (2005). While the 10gKoHl values 
correspond to the values reported by Taillon (2005), yet slightly higher between 
than values reported by Milne (2001) and Jiao (2005), which could be due to 
higher clay % in soils being studied. The average values of the estimated nOHl and 
nOHl values faU between the values reported by Ge (2002), Taillon (2005), and 
Milne et al. (2001). 
The optimized adsorption parameters, estimated by the NICA mode1 for 8 
agricultural soils as fitted to the experimental adsorption data, are given in Table 
4.4. An average R2 for estimation of the adsorption parameters by the NICA 
model was computed to be equal to 0.98 with an average RMSE of 0.018 cmol 
kg- l . The Samples 9 and 10 were very weU described by the NICA model with an 
R2 of 0.99, the rest varied between 0.97 and 0.99. 
Even though P04 behaviour is not very weU understood in the soil-water 
environment, neverthe1ess by applying the NICA model to our experimental data, 
useful information was extracted on the behaviour of P under different conditions 
in the soil. The IOgKP04,1 and logKpo4,2 values are relative1y constant among the 
samples (Table 4.4). However, the values of IOgKP04,1 are much higher than the 
values of 10gKpo4,2, this indicates that P04 ions has high binding strength for site 
1 (low pH site) knowing that both sites have similar adsorption maximum (Qmax). 
The average values for np04,1 are greater than the average values of np04,2; this 
further indicates that P04 ions display a greater non-ideal behaviour towards the 
second site. Furthermore, the average values of Pl (0.70) are higher than the 
72 
average value of P2 (0.25), and similarly the average values of ml (0.88) are 
higher than the average value of m2 (0.57). Both of these parameters (p and m) 
describe the heterogeneity of the soil partic1es, therefore signifying that the 
second site (high pH sites) is more heterogeneous with a wider distribution of site 
affinities. These findings agree with the results reported by Ge (2002). However, 
comparing the results of the estimated adsorption parameters by the NICA model 
with a similar study conducted by Jiao (2005) for manure amended sandy soils; 
the logKpo4,J values estimated by this study are slightly lower than the values 
reported by Jiao (2005), while logKpo4,2 values faU within the same range of 
values. The difference could be due to soil texturaI differences and organic matter 
content. 
Validating the NICA model. In order to establish the adequacy of the 
NICA mode1 in describing P04 adsorption on the soil, the NICA model needs to 
be validated with independent adsorption data sets. The average values of all 12 
calibrated parameters of the NICA mode1 (Table 4.4) were fed to the FORTRAN 
code using three independent adsorption data sets (samples 3, 8, and Il). 
Thereafter, the NICA model was simulated at the pH of the soil with measured 
values for total P04 in solution as initial input values. 
Based on the output obtained from the FORTRAN code, an average R2 
value of 0.96 and an average RMSE of 0.06 cmol kg- l was obtained. The R2 
values for all three samples ranged between 0.93 and 0.99, and the RMSE values 
are considered to be low; they are one order of magnitudes lower that the reported 
adsorption values. The R2 reported for the validation is as high as the R2 reported 
for the parameter and estimation; indicating that the fit obtained from the 
validation is as good as that obtained from the calibrated parameters, as indicated 
in Figure 4.3. These results indicate that the NICA mode1 successfully described 
the adsorption curves of all three samples. 
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4.4 CONCLUSIONS 
The NICA model accurately described the surface charge of the soils used 
in this study with an average R2 > 0.99. The NICA model was able to describe 
P04 adsorption ofthese soils with an average R2 of 0.98 and an average RMSE of 
0.02 cmol kg-Jo While the over aIl validation of the NICA model, using average 
values from an independent set of data, yielded an average R2 of 0.96 with an 
average RMSE of 0.06 cmol kg-Jo Therefore, based on these results, the NICA 
model was able to provide a good fit in describing P04 adsorption from both the 
average validation and individual calibrations for soil samples considered in this 
study. Furthermore, the results from the parameter calibration confirmed that the 
distribution of the surface charge of the soils over two binding sites (low and high 
pH sites) with the low pH site (type 1) exhibiting stronger binding energy. The 
results further indicated that P04 ions had a higher binding strength for the first 
binding site than the second. Lastly, the results from the surface charge and P04 
adsorption data suggest that experimentation on the mineralogical properties 
would improve the explanation of the results. 
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Table 4.2: Chemical ProEerties of the Soils 
ID Location Depth pH OM CEC Mehlich-ill PSat. Clay 
mgkg-1 
cm % cmole kg-1 P Fe Al % % 
1 1 0-30 6.14 2.48 15.0 61.5 464 960 7.17 32 
2 1 30-60 6.22 1.97 14.4 25.3 482 1160 2.24 36 
3 1 60-90 6.45 0.83 18.1 8.11 195 895 1.10 52 
4 2 0-30 6.03 3.12 13.8 54.4 444 1000 6.09 30 
5 2 30-60 6.26 1.36 19.5 33.7 482 965 3.96 50 
6 2 60-90 6.38 1.37 21.1 4.79 223 1000 0.59 53 
7 3 0-30 5.17 5.16 10.1 87.9 410 1250 7.89 34 
8 3 30-60 5.52 4.91 14.8 39.5 481 1015 4.36 34 
9 3 60-90 6.08 1.43 18.7 6.15 250 890 0.77 46 
10 4 0-10 4.16 5.51 4.44 71.3 183 1660 4.30 8 
11 5 0-10 3.98 6.46 24.3 37.4 640 1140 3.28 42 
Average ofthree sub-samples; OM = Organic Matter; CEC = Cation Exchange Content; % P Sat. 
= Mehlich-II1 PI Mehlich-II1 Al) X 100 X1.12 (CRAAQ, 2003); Al: Aluminum; Fe: Iron 
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Table 4.3: Optimized Surface Charge Parameters and Goodness of Fit for the 
NICAModel 
ID Qmaxi Qmaxl logKoHi logKOHl ml ml R2 
cmoL, kg- I cmoL, kg- I 
1 17.0 26.0 9.33 6.22 0.900 0.632 0.994 
2 26.0 15.1 9.80 7.00 0.586 0.405 0.997 
3 18.3 20.5 9.40 6.15 0.945 0.579 0.991 
4 11.1 23.6 9.60 6.00 0.840 0.398 0.984 
5 20.5 23.5 9.70 6.35 0.990 0.477 0.996 
6 19.0 29.0 9.81 6.85 0.945 0.422 0.996 
7 17.2 34.1 9.40 6.70 0.990 0.769 0.996 
8 24.4 28.3 9.50 6.43 0.739 0.706 0.989 
9 20.2 25.9 9.60 6.30 0.902 0.447 0.998 
10 12.8 27.3 10.1 6.70 0.972 0.798 0.983 
11 91.7 85.2 9.67 6.94 0.900 0.665 0.997 
Average 25.3 30.8 9.63 6.51 0.883 0.573 0.993 
sn 22.5 18.7 0.222 0.341 0.123 0.150 0.005 
Average oftwo sub-samples; SD: standard deviation 
Table 4.4: Optimized P04 Adsorption Parameters and Goodness of Fit for the 
NICAModel 
ID logK P04,I logK po4,l nP04,I nP04,l PI Pl R2 RMSE 
cmoi kg-I 
1 9.78 3.48 0.686 0.394 0.732 0.312 0.985 0.011 
2 10.78 3.48 0.851 0.308 0.650 0.165 0.973 0.023 
4 10.87 3.76 0.692 0.450 0.820 0.172 0.970 0.015 
5 10.93 4.71 0.767 0.396 0.989 0.120 0.985 0.012 
6 9.78 3.48 0.980 0.307 0.802 0.201 0.991 0.013 
7 9.70 3.32 0.809 0.280 0.896 0.300 0.983 0.044 
9 9.70 3.32 0.900 0.278 0.848 0.201 0.993 0.012 
10 9.78 4.38 0.891 0.335 0.875 0.445 0.986 0.017 
Average 10.16 3.74 0.822 0.343 0.826 0.240 0.983 0.018 
sn 0.578 0.521 0.104 0.0627 0.103 0.106 0.008 0.011 
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Figure 4.1: Variable Surface Charge ofSamples 5 (a) and 3 (b) 
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Figure 4.2: Adsorption ofP04 in Soil Samples 1 (a) and 2 (b) 
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Figure 4.3: Validation of the NICA model Using Soil Samples 3(a), Il (b), and 8 (c) 
(D, ? , and ? = measured by the adsorption experiment; - = validated by the NICA model) 
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CONNECTING TEXT TO CHAPTER 5 
This chapter is a manuscript in review for publication in the Transactions 
of the ASAE in 2007. The manuscript is co-authored by my supervisor Dr. C.A. 
Madramootoo and Dr. W.H. Hendershot, Prof essor at the Natural Resource 
Sciences Department of McGill University. The format has been changed to be 
consistent with this thesis. AlI literature cited in this chapter is listed in the 
reference section at the end of this thesis. 
This research suggests that the HYDRUS-NICA model can improve the 
predictions of phosphorus (P) transport in the soil-water environment in 
comparison to other models in the literature, especially the HYDRUS-ID mode!. 
However, the capability of the HYDRUS-ID model to simulate P transport under 
variably saturated conditions for soils in southem Quebec was not tested through 
out the literature. Therefore, to investigate that matter, the HYDRUS-ID model 
was applied to simulate P transport in undisturbed columns for soils collected 
from an agricultural field in southem Quebec. Chapter 5 describes the different 
experiments conducted to estimate the parameters required by the HYDRUS-ID 
mode!. Chapter 5 further describes the undisturbed soil column experiments 
designed to study P transport. This is the topic of the following article. 
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CHAPTER 5: Modeling Phosphorus Transport in Re-constructed 
Soil Columns Using the HYDRUS-ID Model: 1. Parameter 
Estimation 
Joumana Abou Nohra, Chandra Madramootoo, and William Hendershot 
ABSTRACT 
In the past decade, phosphorus (P) loss from tile-drained fields through 
subsurface runoff has significantly increased causing water quality degradation in 
rivers and lakes in southem Quebec (Canada). The HYDRUS-ID model (v.3.00) 
was employed to study water and P transport through matrix flow under variably 
saturated soil conditions. This paper presents the parameters required by the 
HYDRUS-ID model to simulate water flow and P transport, and their estimation 
techniques. These parameters will then be used to calibrate the HYDRUS-ID 
model. This paper further presents a re-constructed column infiltration experiment 
that was designed to subsequently validate the results obtained from the 
HYDRUS-I D model. Soils, used in these experiments, were collected from a 
field in southem Quebec. Parameter estimation of the soil hydraulic function and 
adsorption parameters was carried out based on the van Genuchten analytical 
function and the Freundlich non-linear adsorption isotherm, respectively. The 
results showed that both the soil hydraulic and adsorption parameters were 
estimated with an average coefficient of determination (R2) of 0.97. The results 
also showed, from the re-constructed column infiltration experiments, that 98% of 
the total P added was concentrated in the top 20 cm of the columns, and that the 
concentrations ofMehlich-III P in the deeper layers decreased dramatically. 
Keywords: HYDRUS-ID model, Richard's Equation, van Genuchten Equation, 
advection-dispersion equation, Freundlich isotherm, re-constructed columns. 
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5.1 INTRODUCTION 
Phosphorus (P) contamination, of lakes and rivers in southem Quebec 
(Canada) from agricultural non-point source pollution, has become a major 
concem in the past decade. Elevated total P concentrations, exceeding provincial 
norms (> 0.03 mg L-1) have been detected in fresh water systems of southem 
Quebec (Giroux and Tran, 1998). Recent studies have shown that, on average, 
more than 40% of the total P lost from the field is through subsurface dis charge of 
tile-drained fields as a result of subsurface transport of P (Sims et al., 1998; 
Enright and Madramootoo, 2003). These findings are contrary to conventional 
thinking, which is that P is lost primary in surface runoff. Most of the fields in 
southem Quebec have received continuous applications of inorganic and manure 
fertilizers for intensive crop production for long periods. As a result, any further 
addition of P can result in exceeding the P sorption capacity of the soil causing P 
concentrations to increase in soil solution (Sharpley, 1995b), making it more 
prone to be transported through matrix flow (Heckrath et al., 1995). 
Inorganic P measured in soils is a reflection of the exchangeable P known 
as orthophosphates: H3P04, H2P04-1, HP04-2, and P04-3• The relative abundance 
of each of these species in the soil solution is affected by the pH of the soil 
(Lindsay, 1979). However, in soils, P04-3, relative to other forms of 
orthophosphates in solution, has the strongest binding capacity to anion 
adsorption site, which may be associated with Al and Fe oxides (McBride, 1994). 
Therefore, for this study, only the orthophosphoric acid in the form of P04-3 was 
considered in studying P04 adsorption. 
Numerous models are available for describing solute transport and water 
flow in soils through matrix flow at a field scale. These models are being 
increasingly applied to study water and solute transport for a range of applications 
in soil-water management. Models, such as LEACHM (Hutson and Wagenet, 
1992), SWAP (Kroes et al., 1999), and HYDRUS-ID (Simunek et al., 2005) deal 
with the complexity of the water and nutrient transport processes with similar 
equations, yet few studies have been reported to_accurately predict water flow and 
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solute transport under different field conditions. For this study, the Windows 
based HYDRUS-ID (ver.3.00) model (Simunek et al. 2005) was used as a 
hydrological-transport model to study P04 transport in variably saturated 
isothermal porous media. 
This research is aimed at modeling P04 transport in the soil profile 
through matrix flow under variably saturated soil conditions. The objectives of 
this study were: 1) to estimate the chemical, physical, and hydraulic parameters 
needed to calibrate the HYDRUS-ID model (ver.3.00) for the soils considered in 
this study, and 2) to conduct a one-dimensional re-constructed soil column 
infiltration experiment; results obtained from this experiment will be used in the 
companion paper to validate the HYDRUS-ID model. 
5.2 METHODOLOGY 
5.2.1 Overview of the HYDRUS-ID Model (ver.3.00) 
The HYDRUS-ID model (ver.3.00) (Simunek et al., 2005) is a physically 
based numerical model for simulating one-dimensional variably saturated water 
flow, heat movement, and solute transport in porous media under both steady state 
and transient conditions. Water flow under variably saturated conditions is 
calculated by Richards' equation. Flow can occur in one-dimension in a vertical, 
horizontal, or any inclined direction. The water flow module can deal with 
prescribed head and flux boundaries, as well as boundaries controlled by 
atmospheric conditions, free drainage, and flow to horizontal drains. The 
HYDRUS-ID model suggests four analytical models to describe the soil 
hydraulic properties for water flow: van Genuchten-Mualem with air entry of -
2cm, Brooks-Corey, modified van Genuchten, and Kosugi (log-normal). 
The HYDRUS-ID pro gram numerically solves the Fickian-based 
convection-dispersion equation for solute transport. The HYDRUS-ID solute 
transport equation includes provisions for linear and non-linear adsorption, zero-
order production, first-order degradation, _and first-order production-decay 
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reactions. The relation between the solution and adsorbed concentrations of the 
solute is described by the generalized fonn of the adsorption isothenn, which can 
be modified to describe any of the following equations: Freundlich, Langmuir, 
Linear, or Freundlich-Langmuir mixed fonn. Furthennore, physical non-
equilibrium solute transport can be accounted for by assuming a two-region, dual-
porosity type fonnulation that partitions the liquid phase into separate mobile and 
immobile regions. The HYDRUS-ID model can solve the solute transport 
equation under either the first or third boundary conditions. HYDRUS-ID can 
simulate water and solute transport through heterogeneous porous media. The 
version 3.00 of HYDRUS-ID also includes a Marquardt-Levenberg type 
parameter optimization algorithm for inverse estimation of soil hydraulics, solute 
transport, and reaction parameters from measured transient or steady-state flow 
and transport data. 
The governing differential equations are solved using the Galerkin-type 
linear finite element technique for integration in space, as it is applied to a 
network of triangular elements, and the backward finite difference scheme for 
integration in time. These numerical schemes offer a stable numerical solution; 
they provide a good simulation interface between saturated and unsaturated 
conditions under different boundary conditions. The HYDRUS computer program 
is based on the FORTRAN language. A full description of the model has been 
given by Simunek et al. (2005). 
The HYDRUS-ID model utilizes the following fonns of Richards' 
equation (5.1) and the Fickian-based advection-dispersion Equation (5.2) to 
simulate water flow and P04 transport under variably saturated conditions. 
ae =~[K (h)(ah +l)]±S 
at 8z z 8z 5.1 
a8C = ~ (eDt ac) _ aqC 
at az az az 
5.2 
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where ? is the volumetric water content [L3 L-3], h is the pressure head [L], z is 
the spatial coordinate [L], t is the time coordinate [T], Sis the sink term [L3 L-3 r 
1], K in the unsaturated hydraulic conductivity [L rI], c is the solute 
concentration in solution [M L-3], q is the volumetric flux density [L rI], and Dt 
is the dispersion coefficient [L2 rI] in the liquid. AlI the parameters needed to 
calibrate the HYDRUS-ID model, to simulate water flow and P04 transport 
according to equations 5.1 and 5.2, are listed in Table 5.1. 
5.2.2 Site Description and Sampling 
In the spring of 2004, site characterization and soil profile descriptions 
were performed on a field located on the Pike River watershed in southem 
Quebec (Canada) (450 7' N; 73 0 3' W). The field has a surface drainage area of7 
ha (Simard, 2005). The land use was agricultural; a comfield with conventional 
tillage. The soil type was a mixture of Bedford sandy clay loam surrounded by Ste. 
Rosalie clay loam and St. Sebastien shaly loam (Cann et al., 1947). The mode of 
deposition, for these gleysolic soils, was glacial-Iacustrine. The field has less than 
a 2% slope, amd moderately weIl drained. Six horizons were identified along the 
soil profile as foIlows: Ap (0-22 cm), BgI (22-35 cm), Bg2 (35-52 cm), Bg3 (52-80 
cm), Cg (80-100 cm), and Ckg (> 100 cm). The site characterization and soil profile 
descriptions were performed according to the Agriculture Canada guidelines 
(Coen, 1987). 
In the summer of 2004, soil sampling was conducted in the field. Three 
locations, situated at 100, 300 and 500 m from the northem most edge of the field, 
were chosen for soil sampling. These locations represent the slight increase in 
elevation within the field. At each location, a profile was dug; core and grab soil 
sampI es were coIlected from three different depth intervals of the soil profile: 0-
30 cm, 30-60 cm, and 60-90 cm. The core samples were stored at 4°C until the 
experiments were performed (Table 5.2).The grab samples were air dried and 
ground to break up the aggregates, and then passed through a 2-mm sieve for 
subsequent analyses. 
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5.2.3 Chemical Properties 
The chemical properties for the soils considered in this study were initially 
presented in a paper on mode1ing phosphate adsorption through the application of 
the NICA model in Chapter 4. The chemical properties are used in this study to 
calibrate the initial chemical conditions of the soils as required by the HYDRUS-
ID model. The chemical properties of all nine soil samples are shown in Table 5.3. 
5.2.4 Physical Properties 
The particle size distribution analysis was performed by the hydrometer 
method tirst described by Day (1965) as outlined by Gee and Bauder (1986). Prior 
to the hydrometer test, the destruction of the organic matter was done using 
hydrogen peroxide according to the method outlined by Day (1965), McKeague 
(1987), Sheldrick and Wang (1993). The bulk density CA) was measured using 10 
cm x 10 cm undisturbed core samples (Parent and Caron, 1993). The total 
porosity was estimated based on the calculated bulk density and the particle 
density which was assumed to be equal to 2.65 mg m-3 (Hille1, 1998). The 
saturated hydraulic conductivity (Ksat) was determined by the falling-head soil 
core method as outlined by Klute and Dirksen (1986), using soil water 
permeameter (Eijkelkamp Agrisearch Equipment, Giesbeek, Netherlands). The 
falling head method was chosen because it is suitable for the tine textured soils 
(clay-clay loam) used in this study. Soil moisture characteristic curves were 
determined using procedures outlined by Topp and Zebchuck (1979) for the 
pressure plate apparatus. These characteristic curves depict the re1ationship 
between the volumetric water content of the soil and the suction pressure applied 
to the soil samples. The suction pressures (?) applied were -10, -20, -33, -50, -100, 
-200, -500, -1000, and -1500 kPa. 
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5.2.5 Estimation of the Soil Hydraulic Parameters 
The analytical soil hydraulic function proposed by van Genuchten (1980) 
was fitted to the measured soil moi sture characteristic curve data to derive the 
four independent unsaturated soi! hydraulic parameters (?s, ?r, a, n) required by 
the HYDRUS-ID model. The van Genuchten equation describes the volumetric 
water potential (?, [L3 L-3]) as a function of the water matrix potential (?, [M L-1 
T 2]) by the following equation: 
5.3 
where ?r is the residual water content [L3 L-3] , and ?s is the saturated water 
content [L3 L-3]. Whereas, a and n are empirical parameters, and represent the 
inverse of the pore entry value and pore size distribution index, respective1y. The 
residual water content (?r) is defined as the water content at which d?/d? becomes 
infinitely small. The value of ? r was fixed to the water content value measured at 
the suction pressure of -1500 kPa (permanent wilting point), be10w which 
agricultural plants can no longer extract water from the soil, and set ?s to the 
measured water content at saturation. Values for a and n were optimized 
simultaneously using the Solver command in Microsoft Excel, which utilizes the 
Generalized Reduced Gradient (GRG2) nonlinear optimization code developed by 
Lasdon et al. (1978). The Solver command was set to run at 1000 iterations for 
100 seconds with 1.00E-06 precision. The coefficient of determination (R2) and 
shape correspondence were used as fitting criteria. The fitting procedure involved 
several iterations until the solver function attained the minimum sum of the 
squared difference between the measured and predicted ? while the maximizing 
R 2 value. Triplicates for each of the nine soil samples were used to estimate the 
specified parameters. 
Furthermore, the van Genuchten (1980) equation utilizes the statistical 
pore-size distribution mode1 ofMualem (1976) to obtain the following equation to 
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describe the unsaturated hydraulic conductivity K(h) function based on the soil 
water retention parameters (?s, ?r, n). 
K (h) = Ksat x S/ x [1- (1- Sel!') J 2 
{}-{} S = r ? < ?s 
e {}_{} 
S r 
m = 1-J/n, n =1 
h < 0 5.4 
5.5 
5.6 
where Ksat is the saturated hydraulic conductivity [L Tl], Se is the effective 
saturation [L3 L-3], and 1 is the pore connectivity parameter which is estimated to 
be equal to 0.5 by Mualem (1976) for many soil types. 
5.2.6 Estimation of the Adsorption Parameters 
The adsorption data used in this study is based on the P04 batch 
adsorption experiment that was conducted in Chapter 4 to model P04 adsorption 
to the soil through the application of the NICA mode!. The adsorption experiment 
was based on the procedure outlined by Ge (2002) at five different total 
concentrations of KH2P04 (0, 0.75, 1.5, 2.99, and 3.54 g L- I ). The difference 
between the amounts of P04 added and the amount of P04 measured in solution, 
yie1ded the amount of adsorbed P04 to the soi!. The results from this experiment 
are presented in tables and graphs at the end of Chapter 4, whereas in this chapter 
the results were used to derive the adsorption paramters required by the 
HYDRUS-1D mode!. 
The P04 adsorption curves developed by the P04 batch adsorption 
experiment show a trend similar to the L-type isotherms. These isotherms are 
characterized by an initial large increasing slope and suggest that the soil has a 
high affinity to the solute. However, most of the adsorption curves, from all nine 
soil sampi es, did not corresponded to the shape of the Langmuir isotherm; they 
did not reach saturation or showed that the adsorption process is complete 
(McBride, 1994; Tan 1998). Therefore, the P04 adsorption curves were fitted to 
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the non-linear Freundlich adsorption isothenn; it describes the relationship 
between P04 adsorbed to the soil (s) and P04 in solution (c). The reaction 
parameters (kd andj3) required by the HYDRUS-1D mode! were derived based on 
the following equation: 
5.7 
where s is the concentration of P04 adsorbed to the soil [M M-Il, c is the 
concentration of P04 in solution [M L-3l, kd is the equilibrium constant [L3 M-I l, 
andj3 is a shape fitting parameter (Sparks, 2003). The optimization was perfonned 
using the Solver non-linear function in Microsoft Excel (Lasdon et al., 1978). The 
Solver command was set to run at 1000 iterations for 100 seconds with l.00E-03 
precision. The coefficient of detennination (R2) was used as fitting criterion. 
Following several iterations, the kd parameter was estimated when the best fit was 
obtained, then the j3 parameter was detennined when a good shape 
correspondence was obtained. Each soil sample was run in triplicate; as a result 
for each soil sample, three values for the kd andj3 parameters were estimated. 
5.2.7 Re-constructed Column Leaching Experiments 
The main objective behind this experiment was to validate the results 
obtained by the HYDRUS-lD mode! simulations. It was designed to allow the 
reproduction of one dimensional (vertical) water and solute infiltration. 
Undisturbed core (PVC tube, 200 mm H x 200 mm ID) samples were collected 
from the field described above from three different locations (Table 5.3). The 
three cores, collected from each location, were repacked into one column, 
corresponding to the three depths they were collected from. As a result, three 
columns were constructed. Each column consisted of 800 mm high of PVC, and 
packed with three 200.0 mm undisturbed cores on top of each other to represent 
the depths, 0-30 cm, 30-60 cm, 60-90 cm, respectively. The re-construction off 
the columns in that fashion might have caused to disconnect the pore connectivity 
of the soil. However, the farmer did not allow the use of heavy machinery on the 
field to collect 60 cm of undisturbed soil cores; this was the best alternative. To 
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restore the pore connectivity between the three different cores and stabilize the re-
contructed columns, several runs were conducted only with water, before the 
fertlitizers were added. 
Three ports at 200, 400, and 600 mm from the top of the column, and one 
port at the bottom of the column, were drilled to collect water samples. The 
bottom port was also used to saturate the columns from the bottom end. A set of 
three stainless steel rods, placed at 250, 450, and 650 mm from the top of the 
column, were used to measure the volumetric moi sture content (Tektronix 
metallic TDR cable tester, Massachusetts, USA). Figure 5.1 represents the 
schematic drawing of the columns. 
A Marriotte watering system was used to supply water to the columns, 
allowing for water uptake by the soil from the bottom-up under negative pressure. 
When a head of water of 5 to 8 cm was maintained on the top, the columns were 
left to drain freely into a graduated bucket. The source of P was granular 
inorganic NPK (34-46-60) fertilizer, and the amount added was equivalent to the 
recommended amount per hectare for sil age corn: 150 kg of N, 50 kg ofP20 s, and 
75 kg of K20. A total of 16 g of P20S were sprinkled and mixed on top of the 
columns. After the tirst run of experiments, a considerable amount of preferential 
flow occurred along the walls of the columns. To rectify the situation, melted 
paraffin wax was poured around the circumference of the PVC walls to till the 
void between the soil core and the PVC wall. The situation improved for the tirst 
two columns while the third column became non functional. Paraftin wax, added 
to the third column, penetrated horizontally between the tirst and second soil 
cores which constituted the columns. This blocked the solute and water from 
flowing through the top soil core (0-20 cm), especially during the saturation ofthe 
column. The third column became non-functional. Therefore, only the results 
obtained from columns 1 and 2 were considered for validating the results from the 
HYDRUS-ID model simulations. The saturation and drainge cycle was tirst run 
four times to stabilize the columns. After the fertlitizer was applied in granular on 
the top of the columns, these cylces were then run 7 times for each column. The 
whole eFxperiment was run over a period of 10 months. 
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Sam pie Collection and Analysis. Water samples were collected, on 
average, every five minutes for the first half-hour and then every 15 minutes until 
the columns were totally drained. The samples were filtered with 0.45-J.Ul1 
membrane filters and analyzed for exchangeable P04 with a flow injection 
colorimeter (Lachat; Mode1 Quick Chem 8200, Milwaukee, USA) within a week 
of the extraction. At the beginning of the experiment, the samples were analyzed 
for total P before being filtered, and the results between the filtered and not-
filtered samples were not close, therefore the sampI es were then analysed only for 
exchangeable P04. This could be explained that the solution collected from the 
bottom of the column did not have enough contact with the soil particle of the 
column as its following through the column. TDR readings for moi sture content 
were taken every 30 min during each ron. In addition, readings for temperature, 
initial head ofwater, infiltration time, and total dis charge volume for each column 
were recorded. 
Post Treatment. At the conclusion of the experiment, the columns were 
split into half with an e1ectric saw and a small trench was eut at the core along the 
length of each column. Sub-samples were collected every 10 cm along the soil 
column. The sampI es were air dried and ground to break up the aggregates, and 
then passed through a 2-mm sieve prior to analyses. The samples were analyzed 
for exchangeable P04, Fe, and Al using the Mehlich-III extraction and the flow 
injection colorimeter (Lachat; Mode1 Quick Chem 8200, Milwaukee, USA). The 
samples were analyzed as well for total P by an acid digestion method (Parkinson 
and Allen, 1975). 
5.3 RESULTS AND DISCUSSION 
5.3.1 Soil Physical Properties 
The texturaI classes of the nine soil sampI es are mainly divided between 
silty clay loam, clay loam, and clay (Table 5.4). Locations 1 and 3 have the same 
texturaI classification at the three djfferent depths, while location 2 has a soil type 
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of clay loam at a depth between zero and 30 cm and a soil type of clay at deeper 
layers. The bulk density varied between 1.77 and 1.50 g cm-3; it increased for aIl 
samples with depth while the porosity decreased. The saturated hydraulic 
conductivity (Ksat) values increased with depth and varied between 2.94 and 6.15 
cm dai l . The values for Ksat and bulk density (?b) are higher than the ones 
reported by the NRCS (Natural Resources Conservation Service-USA) soil survey 
database (Leij et al., 1996) for fine textured soil. On the other hand, Tsegaye et al. 
(2003) measured the Ksat on undisturbed cores using the falling head method and 
reported similar results listed in Table 5,4 for the same soil texturaI classes. 
However, the results reported by Leij et al. (1996) were measured for disturbed 
cores, not taking into account the soil structure that could explain the difference in 
results. 
5.3.2 Estimation of the Soil Hydraulic Parameters 
A good correspondence was obtained by fitting the measured soil moisture 
retention curves to the van Genuchten (1980) soil-hydraulic function for aIl nine 
soil samples. The estimated soil-hydraulic parameters (?s, ?r, a, n) are listed in 
Table 5.5, with each value an average of three numbers. An average R2 value of 
0.97 with a low standard deviation was obtained from the calibration indicating 
that the van Genuchten equation was able to successfully describe the soil 
moi sture retention curves. The most sensitive parameter influencing the 
optimization of the hydraulic parameters was n, which represents the pore size 
distribution index. 
The values of the optimized soil hydraulic parameters are different than 
ones reported by the literature. AIl nine sampI es have lower values for the 
saturated water content (?s) values and much higher values for the residual water 
content (?r) than the values reported by Rawls et al. (1982) and Startsev and 
McNabb (2001). Rawls et al. (1982) reported values for ?s and ?r, for the same 
texturaI classes reported in Table 5,4. Their values for ?s are 30% higher while the 
values for? r are 30% lower than the optimized parameters in Table 5.5. Startsev 
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and McNabb (2001) fitted soil moisture curves to the van Genuchten's equation 
for 14 different soil samples under different tillage systems. The values they 
report for ?s for clay loam are 40% higher while the values of?r. for the same soil 
type, faU within the same range. 
5.3.3 Estimation of the Adsorption Parameters 
Table 5.6 displays the optimized Freundlich adsorption isotherm 
parameters for aU nine soil samples. The values in Table 5.6 represent the average 
of three fitted sub-samples for each soil sample. An average R2 value of 0.980 
was obtained from fitting the Freundlich isotherm to the adsorption P04 data. The 
Freundlich isotherm was able to effectively describe P04 adsorption for the soils 
considered in this study. The results from the validation are further represented in 
Figure 5.2, which represent the phosphate adsorption data as measured by the 
experiment and predicted by the Freundlich equation based on the estimated 
values. Only two samples are shown because almost aU the samples show the 
sampe trend. 
The estimated values for kd reported in Table 5.6 are one order of 
magnitude higher than the values reported by Sundareshwar and Morris (1999), 
by Jin et al. (2005), and by Laverdiere and Karam (1984) while the values for ft 
faU within the same order of magnitude. Sundareshwar and Morris (1999) studied 
P04 adsorption characteristics on sediments in freshwater marsh. Similarly, Jin et 
al. (2005) studied P04 adsorption on silty lake sediment. This variability could be 
attributed to the difference in particle size and sediment mineraI composition. 
Laverdiere and Karam (1984) studied phosphate sorption of sorne gleysolic soils 
coUected from Quebec. Their values for ~, describing P04 adsorption were in the 
range of 0.3 to 0.6 (L mg- l ). The chemical and physical properties, between their 
soils and the ones considered in this study, are quite similar except for the clay % 
and organic matter. The soils considered by Laverdiere and Karam (1984) have 
lower clay percentage and higher organic matter content. 
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5.3.4 Re-constructed Column Leaching Experiments 
Water Flow and P Transport. For the first two runs, both columns were 
drained within 15 minutes, and the head of water and solute level drawdown at 
the top was reduced to zero within five minutes. However, after the melted 
paraffin wax was added to the circumference of the column, the outflow pattern 
for column 1 was irregular, lasted for eight hours, and the head of water 
drawdown dropped to zero in one hour. The flow pattern for column 2 was more 
regular but took less time to drain. Flow completely stopped after five hours, and 
the head of water on top dropped to zero in two hours. The results obtained from 
the TDR for moi sture content measurement with time, and from P04 sampling 
through out the experiment are presented in details in Appendix C. 
Post Treatment. When the experiment was terminated, the soil columns 
were cut longitudinally to be sampled and analyzed for final conditions; distinct 
soil structures were observed. The structures were identified according to the 
guidelines specified by the Soil Science Society of America. A blocky structure at 
o to 40 cm depth and a plat y structure at depth greater than 40 cm were observed 
in both columns. These observations were quite similar to what was observed in 
the field. Furthermore, sorne cracks and large void spaces were observed at the 
interface between the three core sections that constituted the columns. This could 
have contributed to the preferential flow that occurred and caused discontinuous 
flow between the three different core layers. 
Mass Balance. The mass balance calculated for both columns was based 
on total P results. The amount of total P added, lost, and retained by the columns 
balanced out with less than 1 % error, for both columns. The total P in the top 20 
cm of the columns increased by 21 % and 42% in columns 1 and 2, respectively, 
but remained within the same order of magnitude at deeper depths. Furthermore, 
99% of P added to the soil columns was retained by the columns mostly in the top 
20 cm, yet the forms of P retained changed between the initial and final 
conditions; the ratio of Mehlich-III P to total P increased in both columns. 
Mehlich-III P distribution, in the final conditions of both columns, 
increased dramatically in the iop 20 cm of the column as compared to the initial 
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conditions (Table 5.3). Similarly, P saturation increased significantly in the top 20 
cm of both columns and was greater than 10% at the end of the experiment which 
is classified as highly elevated and poses environmental problems (Giroux and 
Tran, 1996). This increase in P saturation, in the top layers, is a reflection of the 
increase in Mehlich-III Pin these layers (Table 5.7). 
Furthermore, the deeper layers (> 20 cm) did not seem to retain any 
considerable portion of the added P while they lost over 40% of the Mehlich-III P 
originally held. Comparing Tables 5.3 and 5.7, P saturation considerably 
decreased for both columns for layers, between 20 and 60 cm, by an average of 
35%, as compared to the initial conditions prior to the experiment, even though 
these layers had high adsorption capacity (a high Mehlich-III P to Mehlich-III Al 
ratio). This could be attributed to four main reasons: (1) the slow transport of P in 
soils and its relative immobility, (2) a significant portion of water drained through 
the columns by preferential flow, (3) the anaerobic conditions the columns were 
subjected to before being drained, and/or (4) loss of soil particle with the outflow 
solution. The preferential flow, especially which might have occurred between the 
PVC wall and soil core as was observed throughout the experiment, resulted in 
onlya small portion of water being transported by matrix flow through the soil 
profile. As a consequence, a small percentage (less than one percent) of the added 
P was transported vertically through the soil profile and the majority of the added 
P was concentrated in the top 20 cm of the soil columns. Similar findings were 
established by a study conducted by Hooda et al. (1999) in which they studied P 
loss in drain flow from grassland soils. Furthermore, the experiment was 
conducted over a period of 10 months, and for aIl 7 experimental runs the 
subsurface layers were completely saturated for two days before the columns 
were drained. These anaerobic conditions might have caused P04 in these layers 
to become more soluble and leach. Orthophosphate, bound to Fe hydrous oxides, 
is released to the solution under anaerobic (reducing) conditions (Gale et al., 1992; 
Patrick and Khalid, 1974). Similar results were obtained by Malecki et al. (2004), 
where they studied P04 transport under anaerobic conditions in 10 cm intact soil 
column. Their result showed that P04 loss under anaerobic conditions was 37 
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times higher than under aerobic conditions. Another reason, explaining the 
reduction of total P by 50% in the lower cores of the columns, is that the columns 
were operated over a period of 10 months, where a significant loss of soil 
particles through the outflow solution could have occurred. 
5.4 CONCLUSIONS 
This paper presents the results from the parameter estimation required by 
the HYDRUS-ID model to simulate water flow and P04 transport in undisturbed 
soil cores, and the re-constructed column infiltration experiments conducted to 
validate the HYDRUS-ID model. Soils collected from a field in southern Quebec 
(Canada) were tested for their physical and chemical properties. Parameter 
estimation of the soil hydraulic function and adsorption parameters was carried 
out based on the van Genuchten analytical function and the Freundlich non-linear 
adsorption isotherm, respectively. It was found that, for aIl three profiles, the soils 
demonstrated similar physical and chemical properties. Aiso found was that both 
the soil hydraulic and adsorption parameters were estimated with an average R 2 of 
0.97. Furthermore, the results obtained from the re-constructed column infiltration 
experiments showed that 98% of the P added was concentrated in the top 20 cm 
of the columns causing the P saturation to exceed 10% in these layers. This 
limited mobility of P in the re-constructed soil columns could be attributed to the 
preferential that might have occurred along the walls of columns preventing 
matrix flow to OCCUf, as results decreasing the contact between the P04 in solution 
and the soil. However, the concentrations of Mehlich-III P in the deeper layers 
decreased dramatically, causing 50% reduction in P saturation. This could be 











Table 5.1: Parameters Required to Calibrate the HYDRUS-l D Model 




residual water content, [L3 L-3! fitted from experimental results 
saturated water content, fL3 L- ] fitted from experimental results 
empirical parameter, [L- ] fitted from experimental results 
n empirical parameter, [-] fitted from experimental results 
1 
Ksat 
pore-connectivity parameter, [-] estimated from the literature 
saturated hydraulic conductivity, [L Tl] measured experimentally 
kd 
equilibrium constant-adsorption isothenn coefficient, [M-l L3] 
fi shape fitting parameter-adsorption isothenn coefficient, [-] fitted from experimental results 
?b bulk density, [M L-3] measured experimentally 
DL longitudinal dispersivity, [L] estimated from the literature 
Ci(x) initial concentrations ofP04 in soil, [M L-3] measured experimentally 
E potential evaporation rate, [L Tl] estimated from the literature 
IhCritAI minimum allowed pressure head at the soil surface, [L] estimated from the literature 
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Table 5.2: Cores Needed for the Different Experiments 
Experiments Cores per profIle· Dimensions) 
H (mm) x D (mm) 
Bulk Density 3 100 x 100 
Water Retention Curves 9 15 x 25 
Saturated Hydraulic Conductivity 3H-3V 60 x 53 
Column Leaching Experiments 3 200 x 200 
*depth: 0-30, 30-60, 60-90 cm; H = horizontal; V = vertical 
Table 5.3: Soil Chemical Characteristics 
C Id Locationt Depth pH OM CEC Mehlich-illP P Sato 
(m) (cm) (%) (cmolc kg-1) (mgP ki 1) (%) 
1 100 0-20 6.14 2.48 (0.12) 15.0 (0.04) 61.5 (0.28) 7.17 (0.07) 
Cl 2 100 20-40 6.21 1.97 (0.18) 14.4 (0.34) 25.3 (0.87) 2.24 (0.13) 
3 100 40-60 6.45 0.83 (0.10) 18.1 (0.22) 8.11 (1.24) 1.10 (0.16) 
4 300 0-20 5.17 5.15 (0.009) 10.1 (2.06) 87.9 (0.08) 7.89 (0.06) 
C2 5 300 20-40 5.51 4.91 (0.28) 14.8 (0.34) 39.5 (0.85) 4.36 (0.12) 
6 300 40-60 6.08 1.43 (0.12) 18.7 (0.06) 6.15 (1.14) 0.77 (0.14) 
7 500 0-20 6.03 3.12 (0.15) 13.8 (0.01) 54.4 (0.68) 6.09 (0.16) 
C3 8 500 20-40 6.26 1.36 (0.29) 19.5 (0.34) 33.7 (0.54) 3.96 (0.80) 
9 500 40-60 6.38 1.37 (0.05) 21.1 (0.02) 4.79 (0.03) 0.540.03) 
-t location from the northem most edge of the field; C: column; *Values in parentheses provide 
standard deviations; OM: Organic Matter; CEC: Cation Exchange Capacity; % P Saturation: 
(Mehlich-II1 PI Mehlich-II1 Al) x 100 X 1.12 (CRAAQ, 2003); Al: Aluminum 
Table 5.4: Soil Physical Properties 
Id Locationt Depth Pb Ksat % Sand-Silt- Texturai 
(m) (cm) (g cm-3) (cmd-1) Clay Classt 
1 100 0-20 1.70 6.14 (0.929) 18.5 ·49.1 32.4 silty clay loam 
2 100 20-40 1.75 5.74 (0.291) 17.8 46.1 36.1 silty clay loam 
3 100 40-60 1.74 3.33 (0.175) 11.3 36.7 52.0 clay 
4 300 0-20 1.50 6.20 (0.900) 28.2 42.1 29.7 clay loam 
5 300 20-40 1.61 n.d. 10.1 39.7 50.2 clay 
6 300 40-60 1.77 4.36 (0.908) 13.8 33.7 52.5 clay 
7 500 0-20 1.52 6.21 (0.412) 17.5 48.8 33.8 silty clay loam 
8 500 20-40 1.57 5.87 (0.782) 19.8 46.4 33.8 silty clay loam 
9 500 40-60 1.75 3.34 (0.785) 25.8 28.5 45.8 clay 
:j:Canadian System ofSoil Classification (1998); tlocation from the northem most edge of the 
.----. field; values in parentheses provide standard deviations; n. d.: not determined 
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Table 5.5: Optimized Soil Hydraulic Parameters 
Id ? ? n a RZ • S . , 
(cm3 cm-3) (cm3 cm-3) (cm-1) 
1 0.342 0.200 1.45 0.990 0.963 
2 0.330 0.215 1.32 0.900 0.973 
3 0.355 0.235 1.40 0.945 0.979 
4 0.370 0.180 1.40 0.990 0.954 
5 0.293 0.205 1.32 0.990 0.978 
6 0.345 0.265 1.22 0.600 0.962 
7 0.315 0.180 1.42 0.945 0.986 
8 0.366 0.231 1.35 0.990 0.970 
9 0.275 0.215 1.25 0.900 0.955 
Mean 0.332 0.209 1.35 0.917 0.969 
sn 0.0326 0.0325 0.0773 0.124 0.0111 
Table 5.6: Optimized Freundlich Adsorption Isotherm Parameters 
Soil Id krl. Il. R~ 
1 1.24 0.277 0.980 
2 1.76 0.262 0.958 
3 1.09 0.217 0.974 
4 1.89 0.307 0.975 
5 2.20 0.288 0.938 
6 1.38 0.273 0.973 
7 3.00 0.407 0.952 
8 1.85 0.291 0.970 
9 2.11 0.280 0.977 
Mean 1.88 0.289 0.966 
sn 0.686 0.0508 0.0140 
Table 5.7: Final Soil Characteristics 
C nepth pH OM Melich-ill Total P Melich-ill P Saturation 
cm % mgP kg-1 mgkg-1 mgAlkg-l % 
1 top 4.86 3.03 234 1010 879 29.8 
1 0-20 5.62 1.96 88.0 880 819 11.4 
1 20-40 6.36 1.39 9.15 664 869 1.18 
1 40-60 6.60 1.09 5.99 772 865 0.777 
2 top 4.69 7.15 218 2310 1070 22.9 
2 0-20 5.06 6.44 115 1410 1050 12.2 
2 20-40 5.67 3.98 23.1 754 876 2.80 
2 40-60 6.25 1.83 3.28 620 724 0.515 
OM: Organic Matter; C: column; P: Phosphorus; Al: Aluminum 


















Figure 5.1: Schematic Drawing of the Columns 
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Figure 5.2: Validation ofthe Freundlich Equation Using samples 6 (a) and 9 (b) 
(? and. = measured by the adsorption experiment; - : predicted by the Freundlich equation) 
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CONNECTING TEXT TO CHAPTER 6 
This chapter is a manuscript in review for publication in the Transactions 
of the ASAE in 2007. The manuscript is co-authored by my supervisor Dr. C.A. 
Madramootoo and Dr. W.H. Hendershot, Prof essor at the Natural Resource 
Sciences Department of McGill University. The format has been changed to be 
consistent with this thesis. AH literature cited in this chapter is listed in the 
reference section at the end of this thesis 
Chapter 6 describes the calibration and validation of the HYDRUS-1 D in 
simulating phosphorus transport in re-constructed soil columns. The parameters 
estimated in Chapter 5 were used to calibrate the HYDRUS-1D model, and the 
results obtained from the column experiments in Chapter 5 were used to validate 
the HYDRUS-1D model. This is the topic of the foHowing article . 
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CHAPTER 6: Modeling Phosphorus Transport in Re-constructed 
Soil Columns Using the HYDRUS-ID Model: II. Calibration and 
Validation 
Joumana Abou Nohra, Chandra Madramootoo, and William Hendershot 
ABSTRACT 
The HYDRUS-ID model (ver.3.00) was applied to study vertical 
distribution and transport of phosphate (P04) in re-constructed soil columns. The 
HYDRUS-ID was calibrated based on the parameters estimated in Chapter 5. The 
simulated results by the HYDRUS-ID model were validated with results obtained 
from re-constructed column infiltration experiments (Chapter 5). Furthermore, a 
sensitivity analysis was performed to investigate the effect of the input parameters 
on the outcome of the HYDRUS-ID mode!. The results showed that the 
HYDRUS-ID model was most sensitive to the saturated hydraulic conductivity 
parameter. The HYDRUS-ID model calculated the water retained by the soil as 
being on average 13% less than the experimental results. Overall, the HYDRUS-
1 D model overestimated final adsorbed P04 concentrations in the soil; the 
simulated results were on average 43% higher than the experimental results. 
However, HYDRUS-ID provided a relatively better prediction in the top 20 cm 
of the columns; the predicted values were within 15% of the measured results. 
The poor correlation between the simulated and the measured results for P04 
suggested that the HYDRUS-ID model could not account for the different soil 
structures found in the re-constructed soil columns and the preferential flow that 
occurred in these columns, or that the Freundlich isotherm, which is part of the 
transport equations, could not adequately describe P04 adsorption onto the soil 
particles. 
Keywords: HYDRUS-ID model, sensitivity analysis, calibration, validation, 
phosphate adsorptIon, mass balance, Freundlich isotherm, preferential flow 
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6.1 INTRODUCTION 
The HYDRUS-1D model (ver.3.00) (Simunek et al., 2005) is a finite 
element model for simulating water, heat, and solute flow in variably saturated 
soil conditions under both a steady and transient state. The HYDRUS model has 
been successfully applied to simulate nutrient transport on several agricultural 
fields. Rassam and Cook (2002) modeled water flow and solute transport in acid 
sulfate soils of tile-drained fields using the HYDRUS-2D model. They conc1uded 
that numerical modeling, using the HYDRUS-2D model, provided an effective 
tool in understanding the mechanisms involved in such a complex system. Pang et 
al. (2000) used the HYDRUS-2D model to simulate water and pesticide 
movement in variable saturated soil conditions and in groundwater to a depth of 
10 m. The model simulated well the water distribution along the soil profile, but it 
performed betler under less heterogeneous soils. With respect to the pesticide 
transport, HYDRUS-2D provided comparable results to the measured results from 
the field, under both unsaturated and saturated conditions. Ventrella et al. (2000) 
applied the HYDRUS-1D model to simulate water chlorine transport in fine 
textured Italian soils subject to a fluctuating saline groundwater table. They 
conc1uded that the HYDRUS-1D model is very useful for analyzing relatively 
complex flow and solute transport processes at the field scale. Therefore, it was 
believed that the HYDRUS-1D model could effectively simulate water and 
phosphate (P04) transport down the soil profile, once calibrated to soil 
characteristics of the field being studied in southem Quebec, Canada. 
The objectives ofthis study were: 1) to calibrate the HYDRUS-ID model 
(ver.3.00) using the estimated parameter in Chapter 5, and 2) to validate the 
HYDRUS-1D model in simulating P04 transport under variably saturated 
moi sture conditions of fine textured soils collected from a field in southem 
Quebec, Canada, using the results obtained from the column laboratory 




6.2.1 Sensitivity Analysis 
Sensitivity analysis has been used, in models, to detennine which input 
parameters have the greatest control on the predicted output variables. For models, 
such as the HYDRUS-ID, which are too complex for analysis, their sensitivity is 
detennined by numerical approximation. In this case, the sensitivity of the model 
with respect to a given parameter is estimated from the change in the model 
prediction which results when one parameter is changed by a relatively small 
amount, while the other parameters are maintained at a constant value. Nonnally, 
sensitivity parameters detennined in this way refer to hypothetical conditions 
(Freeze, 1972; Yen and Akan, 1983). 
Consequently, a sensitivity analysis was designed as a screening tool to 
identify the most influential input parameters on the results from the HYDRUS-
ID model for water flow and solute transport according to the following equation: 
M= RI -Rb 6.1 
Rb 
where ? R is the percent change in the result value of the testing function, Rt is the 
result value for using the test parameter value, and Rb is the result value for using 
the base parameter value. For this study, two functions were tested under variably 
saturated conditions in re-constructed soil columns: the cumulative bottom flux to 
observe the influence of the soil hydraulic parameters (Ksat, ?s, ?r, n), and the 
solute bottom flux to study the influence of the transport parameters (kd,j3, Ph, Dr). 
The hydraulic parameters, a and !, were not considered in the sensitivity analysis, 
because these parameters were found to have negligible effect on the cumulative 
bottom flux (Yang, 2003). The sensitivity analysis was done based on 
hypothetical conditions (Table 6.1) where water and solute transport were 
considered simultaneously. The hypothetical conditions considered the same 
dimensions (60 cm high) as the re-constructed columns study conducted in the 
Chapter 5. Soil properties were based on one soil type; a fine grain soil in which 
its parameters-(baseline) are listed in Table 6.1. The hydraulic mode! considered 
104 
.-' 
was van Genuchten with no hysteresis. The upper boundary conditions were set to 
constant flow and concentration, and lower boundary conditions were set to free 
drainage. The initial conditions were set to a head of zero throughout the column 
and to a head of 8 cm on the soil surface, because the experiment initially was to 
mn on totally saturated columns. The simulations were mn for 30 hours with an 
initial time step of 2.40E-6 hours, and a maximum time step of 0.166 hours. The 
maximum number of iteration was set to 20, and the rest of the criteria were set to 
the default values. Under these conditions, the sensitivity of the HYDRUS-1D to 
each parameter was tested independently in the sequence listed in Table 6.1, and 
the results were analyzed based on Equation 6.1. 
6.2.2 Calibration 
The HYDRUS-1D model was used to simulate P04 transport under 
variably saturated and transient conditions in one-dimensional vertical isothermal 
laboratory columns. The HYDRUS-1D was mn for the main processes of water 
flow and general solute transport. The independently estimated and measured 
parameters in Chapter 5 were used to calibrate the HYDRUS-1D model (Table 
6.2). A modified van Genuchten model with an air-entry value of -2 cm was used 
in all simulations; this model slightly alters the shape of the water retention curve 
near saturation, but considerably influences the predictions of the hydraulic 
conductivity function, especially for fine textured soils with small n values 
(Simunek et al., 2005). These independently estimated and measured parameters 
were further calibrated to improve output of the simulated results, while ensuring 
the HYDRUS-1 D yielded a mass and water balance less than 1 %. 
No hysteresis was considered in the simulations. The pulse duration, 
which is defined as the time duration of the solution application to the system, 
was set to zero during the simulations, because no solution was introduced during 
the draining of the column. The fertilizers were mixed with the soil on top of the 
columns before they were saturated and drained. 
The initial values for the longitudinal dispersivity (DL) were derived from 
a study done by Perfect et al. (2002), where the authors calculated transverse 
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dispersivity for re-constructed columns based on soil hydraulic properties. As 
established by the literature, a ratio of 10 was assumed for longitudinal to 
transverse dispersivities (Domenico and Schwartz, 1990). Using these initial 
values for the DL parameter, the HYDRUS-ID model was then calibrated 
manually. The DL parameter was calibrated against P04 concentrations measured 
from the outflow of the column throughout the experiment. After several 
iterations, the DL value was determined when the mass balance errors were 
minimized to < 1 %. 
The transport of solute through diffusion was considered negligible; 
therefore the molecular diffusion coefficient in free water (Dw) was set to zero. 
The potential evaporation rate (E) was calculated based on Hargeaves ETo 
equation (Allen et al., 1998). The minimum allowed soil potential at the soil 
surface (hCritA) was set initially to 1000 cm in absolute value as suggested for 
fine grained soils (Pang et al., 2000). However, after several iterations the hCritA 
was set to 10 000 cm; this value improved the results at the interface between 
saturated and unsaturated conditions in the soil. 
Time Domain. The simulation was first carried out usmg the 
independently estimated soil hydraulic and reaction parameters (Table 6.1) for 12 
hours, corresponding to the total time duration of the experiment. However, 
HYDRUS-ID was not able to simulate the drop in water head on top of the 
column to zero within just 12 hours. Therefore, the inverse solution optimization 
function provided by the HYDRUS-ID model was used to calibrate the total time 
needed to drain the columns. The independently measured soil hydraulic and 
reaction parameters, and the pressure head levels on top of the columns as 
recorded throughout the experiment, were simultaneously used to calibrate the 
total time needed to drain the columns. Two fitting criteria were used in the 
calibrations: a mass balance error of < 1 % and an R 2 value between the measured 
and simulated values greater than 0.99. The calibration was stopped when the 
moi sture content in the columns equated the specified residual water content of 
the soil. 
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Transport Domain and Material Distribution. One-dimensional flow was 
extended over a length of 60 cm and the discretization was set to comprise a total 
of 200 finite elements. A finer discretization was implemented on the top 
boundary of the column to accommodate for the steep gradients in pressure head 
and concentration. Each column was divided into three separate soil materials to 
represent the three soil cores (each 20 cm high) that constituted the soil columns 
being studied (Chapter 5). Each soil material was assumed to have uniform 
physical and chemical properties. The stability criterion (ratio of Pec1et to 
Courant's number), indicated by the HYDRUS-1D model during all the 
simulations, was fixed at 2. 
6.2.3 Boundary and Initial Conditions 
Initial Conditions. The initial water conditions were specified in terms of 
pressure heads. Columns were saturated from the bottom up until a constant water 
head (5-8 cm) was maintained and then they were left to drain freely. Therefore, 
to simulate saturation conditions in the HYDRUS-1D model, which were initially 
induced in the columns, the pressure water head throughout the columns Was 
initially set to zero, as suggested by the model. This indicates that moi sture 
content is equal to saturation (?s) (Equation 5.4; Simunek et al., 2005). The 
pressure head on top of the column was determined based on the initial 
measurements from the column leaching experiment. Initial concentration of P04 
on the top node of the columns was specified equivalent to amount of P04 
fertilizers added on top of the columns before running the experiment, then 
divided by the volume of water which was he1d as water pressure head above the 
columns, to obtain the P04 concentration going through the columns. The initial 
concentrations Cj(x) of P04 throughout the columns were based on the results 
obtained from the P04 adsorption experiment for the control treatment (Chapter 
4). The initial concentration of P04 was based on the measurement of the P04 
concentration in solution where no KH2P04 (control) was added, and that 
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measured concentration indicated the concentration of P04 in the soil solution 
under equilibrium conditions. 
Boundary Conditions. The upper water flow boundary condition at the 
surface (x=L) was specified as the atmospheric boundary condition with a surface 
layer. This boundary condition imposed time-dependent conditions to specify the 
atmospheric conditions at the top of the columns. A maximum potential 
evaporation rate (E) and a minimum allowed pressure head (heritA) was specified 
without any precipitation rate. Furthermore, this boundary condition allowed the 
specification of an initial water layer on top of the column (initial pressure head 
on the top node), which the HYDRUS-ID code would infiltrate into the soil 
profile throughout the simulations. The lower water flow boundary conditions 
were prescribed to free drainage (gravit y dependent). As for solute (P04) transport, 
concentration flux boundary conditions were implemented at the upper boundary, 
and a zero gradient boundary condition was set at the lower solute boundary 
condition. The initial and boundary conditions for water flow and solute transport 
considered in the simulations are listed in Table 6.3. 
6.2.4 Statistical Analysis 
The root mean square error (RMSE) statistical technique was employed to 
evaluate the performance of the HYDRUS-ID model. The RMSE exaggerates the 
prediction error which is defined as the difference between the measured and 
simulated values. 
6.2 
where Pi is the predicted value, Qi is the measured value, and N is the number of 
observation. The RMSE ranges between 0 and plus infinity; a value of 0 indicates 
no difference between simulated and measured results; the smaller the RMSE the 
better the performance of the model (Piegorsch, 2005). In this chapter, mainly the 
final adsorbed P04 concentration was considered to evaluate the HYDRUS-ID 
mode!; hence the RMSE was only used for the evaluation. 
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6.3 RESULTS AND DISCUSSION 
The HYDRUS-ID mode! simulated P04 transport with the boundary and 
initial conditions subjected to the re-constructed column leaching experiment with 
solute transport under variably saturated conditions. The mode! was calibrated 
with the estimated and measured soil hydraulic and reaction parameters listed in 
Table 6.1. The simulated results were validated with results obtained from the one 
dimensional column leaching experiments. The details of the experiment and its 
results were discussed in Chapter 5. 
6.3.1 Sensitivity Analysis 
The sensitivity analysis results showed that the HYDRUS-ID model, 
simulating water flow and solute transport simultaneously under the variably 
saturated soil conditions, was most influenced by the following parameters: the 
saturated hydraulic conductivity (Ksat), the Freundlich adsorption coefficient (J1), 
and the initial solute concentration of the soil Ci(x). Furthermore, the HYDRUS-
ID model was slightly sensitive to the saturated water content (?s). The Ksat 
parameter proved to be the most sensitive of all parameters; these findings are 
logical since Ksat is a key parameter in the water flow equation (Richards' 
equation) (Simunek et al., 2005). Results show that Ksat has a positive linear 
re!ationship with cumulative bottom flux by a slope of 2.31, indicating one unit 
change in Ksat causes the cumulative bottom flux to increase by 2.31 (Figure 6.1). 
Likewise, the Ci(x) parameter showed a perfect linear relation of the cumulative 
solute bottom flux with a slope of 1.03; the change (? R) in the cumulative solute 
bottom flux was between 35 and 42% while Ci(x) changing by 40% (Figure 6.1). 
Furthermore, parameter fi showed, as well, a positive linear relationship with the 
cumulative solute bottom flux with a slope around 8; this is the exponent 
parameter in the Freundlich adsorption isotherm. 
These results agree with sorne results reported by Yang et al. (2003). 
Using the HYDRUS-2D model, Yang et al. (2003) tested the soil hydraulic 
parameters which most influence water flow in the vadose zone where they 
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considered unsaturated conditions (h= -100 cm) as their initial moisture content 
conditions. They found that Ksat and ?s greatly affected the output from the water 
flow simulations in the vadose zone. However, the results obtained from this 
study did not show ?s to be quite sensitive to the cumulative bottom flux as 
expected, even though ?s determines Se, the effective water content, which is a 
critical factor for solving the goveming equations (Simunek et al, 2005). The 
effect (? R) on the cumulative bottom flux was 4% while ?s changed by 20%. The 
reason behind these results could be that the hypothetical initial conditions 
considered in the columns are completely saturated conditions (h=O) with a water 
head on top. As a result, throughout most of the simulation, the hydraulic 
conductivity was equal to the Ksat, and ? e was not too effectuaI in this case. 
With respect to the other parameters (?r, n, kd, DL ?b), their influence on 
the cumulative bottom flux was negligible; the change (? R) was between 0.12 and 
4% while the parameters changed by 25-30%. However, it was expected as well 
that kd and DL would have a significant effect on the cumulative concentration 
bottom flux, because DL is a key parameter in the advection-dispersion equation, 
and kd is in direct relationship with the concentration of solute in solution. 
6.3.2 Calibration 
The calibrated hydraulic and chemical parameters to simulate water flow 
and P04 transport using the HYDRUS-ID model for columns 1 and 2 are listed in 
Table 6.4. Taking the sensitivity analysis results into account, the HYDRUS-ID 
model was calibrated. However, the parameters that changed the most relative to 
the measured and estimated values while keeping the mass and water balance less 
than one, were the saturated and residual moi sture content (?s and ?r), the bulk 
density <Ph), and the saturated hydraulic conductivity (Ksat). 
The modeling criteria used in the HYDRUS-ID simulations are listed in 
Table 6.5; the rest of the criteria were set to their default values. These criteria 
ensured the convergence of the numerical solutions of the governing equations of 
the HYDRUS-ID model (Simunek et al., 2005). 
110 
The HYDRUS-ID model simulated the water head drop on top of the 
columns to zero in 28 and 47 hours, and the total time needed to drain the 
columns in 32 and 51 hours for columns 1 and 2, respectively. Whereas the 
experimental data indicated that the columns took half an hour for the water head 
drop on top of the columns to zero, and 5 to 8 hours to drain completely. However, 
to improve the correlation between the simulated and measured data, the soil 
texture was changed to sand and loamy sand for columns 1 and 2, respectively. 
The soil hydraulic parameters were then obtained from the ROSETI A database 
implemented in the HYDRUS-ID model (Simunek et al., 2005) for sand and 
loamy sand soil textures. With these changes, the HYDRUS-ID model was able 
to simulate water head drop on top of the columns to zero in half an hour, and the 
total time needed to drain the column in 7 hours. However, these changes did not 
affect the simulation of P04 transport considerably. Therefore, considering the 
pore size difference between the soil textures of silty-clay-Ioam and sand, which 
is on average 25%, an estimate of the amount of preferential flow that occurred in 
the columns was evaluated. A comparison between the result simulated by 
HYDRUS-ID model, the results from the recalibrated HYDRUS-ID model with 
ROSETIA values, and the results measure by the experiment, is presented in 
Appendix C (Sections CA and C.5). 
6.3.3 Validation 
The mass balance output from the HYDRUS-ID, at the end of the 32 and 
51 hours for columns 1 and 2, respectively, are listed in Table 6.6. Furthermore, a 
comparison between the simulated results by the HYDRUS-1D model and the 
measured results from the column leaching experiment is presented in Table 6.7. 
Water Flow. The water flow simulated by HYDRUS-ID was validated 
with experimental results based on water mass balance, infiltration time, 
volumetric water content curves, and moi sture content (?) distribution with time. 
For aIl simulations, HYDRUS-1D simulated water flow with a zero mass balance 
error for both columns. As indicated in Table 6.6, the HYDRUS output provides 
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the volume of water left in the column in tenns the height of water [L]. Thus, 
multiplying these values by the area of the soil columns, the amount of water left 
in the soil at the end of the simulation was obtained. These values were validated 
with the water balance calculated from the experiments; it was calculated by 
subtracting the volume of the drained water from the volume of the inflow 
supplied by the Marriotte bottles. The HYDRUS-ID model underestimated on 
average the amount ofwater retained by the soil columns by 13.4%, with a RMSE 
of 0.960 L for both columns (Table 6.7) using the estimated paramters from 
Chapter 5. The difference in results for water balance could be due to the 
idealized representation of soil by the model; the HYDRUS-ID model assumes 
that soil density in each sub-region is unifonn. As the soil involved in this 
experiment is quite dense, the assumption of a unifonn soil concentration in each 
sun-region is inaccurate (Sarmah et al., 2005), hence failing to account for the 
strong soil texture heterogeneities, lateral transport, and preferential flow (Ben-
Gal and Dudley, 2003) that might have existed in the column experiment. During 
the post-treatment of the soil columns, soil texture heterogeneities were observed 
throughout both columns: aIl three columns showed a blocky structure at 0 to 40 
cm depth and a plat y structure at depth greater than 40 cm. However, the water 
balance ad flow predictions moderately improved when the soil texture was 
changed from heavy clays to sandy loam for the soil column in the HYDRUS-ID 
model (Appendix C). 
The simulations by the HYDRUS-ID model took 28 and 47 hours to drop 
the level of water on top of the columns to zero for columns 1 and 2, respectively, 
as opposed to 1 to 2 hours during the experiments. Total time simulated by 
HYDRUS to completely drain the columns was 31 and 52 hours,· while the 
experiment took 8 hours on average. However, when HYDRUS-ID was 
recalibrated using the parameter values from ROSETT A for a loamy sand and 
sand soil textures, then the HYDRUS-ID was able to simulate the experimental 
results more accurately. These results indicate that the heavy clay soils found in 
the columns were acting as if they were sand and loamy sand soils. This indicates 
that there are a lot of preferential pathways in these columns which is equivalent 
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to the high drainable porosity found in sand and loamy sand soils. This confinns 
the presence of preferential flow, which could have occurred along the walls of 
the columns, at the interface of the three soil cores which constituted the columns, 
and within the columns as weIl. 
The soil moisture retention function as indicated by the volumetric water 
content (VWC) increased with depth. Figure 6.2 shows the measured retention 
curves at all three depths for column 1; a non-unifonn depth dependent water 
retenti on behaviour. Volumetric content decreased with increasing pressure for aIl 
three depths, yet the retention curve for 0-30 cm was much lower than the other 
two. Simulated retention curves by the HYDRUS-ID model at the three depths 
showed a similar trend as the measured ones, but overestimated the WWC. 
Comparing the measured and simulated results, an average coefficient of 
detennination (R2) value of 0.5 and 0.6, and an average RMSE of 0.08 and 0.06 
cm
3 
cm-3 were obtained for columns 1 and 2, respectively. 
With respect to the moi sture content distribution, an irregular pattern was 
detected in the moi sture content readings, taken at different depths, throughout the 
infiltration for both columns during the experiment. However, the simulated 
results for the moi sture content in relation to the infiltration time show a more 
regular pattern; constant at saturation and gradually decreasing until hours 27 and 
48 for columns 1 and 2, respectively, until reaching the residual water content at 
the end of the infiltration. The difference is attributed to the preferential flow that 
occurred in the columns which did not allow the unifonn distribution of moi sture 
content with depths through matrix flow as columns were left to freely drain. 
Solute Transport. Phosphate transport was validated with the final amount 
of P04 adsorbed by the soil in the columns. The output from the HYDRUS-ID 
model provided the final mean concentrations of P04 in solution for each sub-
region. By entering the mean concentrations of P04 in solution back into the 
Freundlich isothenn equation (Chapter 5), we calculated the final mean 
concentration of P04 adsorbed to the soil. These calculated results were then 
compared to the Mehlich-III P04 values measured in soils at the end of the 
experiment. Phosphate transport was not validated with outflow concentrations 
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from the columns because the total drainage time between the simulated and 
measured time is quite different causing the outflow P04 to be non-comparable. 
During aIl the simulations, a zero solute balance error for both columns 
was obtained. On average, the HYDRUS-ID mode1 predicted the final adsorbed 
P04 concentrations to the soil was on average of 43% higher than the 
experimental results for both columns, with a root mean square error of 62.4 mg 
kg-1 (Table 6.6). OveraIl, the HYDRUS-ID model overestimated final P04 
adsorbed concentrations in both columns for aIl three sub-regions, between 27 and 
83%. However, considering that a zero mass balance error was obtained by the 
HYDRUS-ID model, one could conclude that the HYDRUS-ID could have 
underestimated P04 transport (outflow concentration) in the columns being 
studied, since the final P04 concentration adsorbed to the soil was overestimated. 
However, HYDRUS-ID provided a relative1y better prediction for final 
adsorbed P04 concentration to the soil in the top 20 cm of the columns with 4% 
and 25% difference between the predicted and measured results, for columns 1 
and 2, respective1y. This could be attributed to the good description of the 
HYDRUS-ID to the effect ofnearby boundary (upper) conditions, where a high 
P04 gradient existed between the concentration introduced on top and initial 
concentration of P04 in the soil (Rassam et al. 2003). The reason for the 
overestimation of final P04 concentrations adsorbed to the soil, in sub-regions 2 
and 3 (20-60 cm), is unclear. However, it could be due to the foIlowing reasons: 
(1) the preferential flow that occurred in the columns, (2) the inadequacy of the 
Freundlich isotherm to describe P04 adsorption, (3) the inadequacy of the 
HYDRUS-ID mode1 to account the anaerobic conditions that existed in the 
columns during the saturation, and/or (4) the possible 10ss of soil particle over a 
duration of 10 months was not accounted for in the HYDRUS-ID simulations. 
The major preferential flow that occurred between the waIls of the PVC and the 
soil cores, might have prevented transport of P04 through matrix flow to deeper 
layers of the soil columns and prevented enough contact of the P04 solution with 
the soil particles. Furthermore, sorne macropore flow might have occurred, during 
the transport processes, at the interface between the three sub-regions where the 
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P04 concentrations changed due to the change in transport (Enfield et al., 1981). 
The non-linear Freundlich isothenn was chosen among the three other empirical 
adsorption isothenns presented by the HYDRUS-ID model. The disadvantage of 
empirical models is that they can only be applied for the conditions under which 
the adsorption experiment was conducted (Goldberg, 1998); once they are applied 
to different conditions like higher concentrations, the output results :from these 
isothenn changes significantly (Goldberg and Sposito, 1985). Phillips (2006) 
found that the HYDRUS-2D model was inadequate in predicting the transport of 
reactive chemicals, as he studied the transport of potassium in re-constructed soil 
cores. Furthennore, the HYDRUS-ID model is unable to take into account the 
anaerobic conditions, which might have existed and caused the excessive leaching 
of P04 in the sub-regions 2 and 3 of both columns. Especially that the columns 
under went 10 repetition of saturation and drying cycles over a period of 10 
months. 
6.4 CONCLUSIONS 
The perfonnance of the HYDRUS-ID model was tested by simulating 
P04 transport and variably saturated water flow in fine textured soils from a field 
study area in southem Quebec. The HYDRUS-ID model was calibrated with the 
independently estimated soil hydraulic and reaction parameters. Simulated results 
by the HYDRUS-ID model were compared with one-dimensional column 
leaching experiments. Both simulated and experimental results show the same 
general trend in P04transport in relation to depth. The amount of P04 retained by 
the soil decreased with depth, and most of the added P04 was retained in the top 
20 cm of the soil column. On average, the HYDRUS-ID model overestimated 
P04 adsorption, in both columns, with a 43% difference as compared to the 
experimental results where a mean RMSE of 62.4 mg kg-3 was obtained. On the 
other hand, the HYDRUS-ID model underestimated the water retained by the soil 
column by a 13% difference (RMSE of 0.960 L) as compared to the experimental 
- results. The reason behind the difference in P04 and~water balance results could 
115 
be attributed to the soi! structural heterogeneities found in the column, the 
preferential flow that might have occurred, and the inadequacy of Freundlich 
isotherm to simulate P04 adsorption. In conclusion, the HYDRUS-l D model 
successfully simulated water flow, but unrealistically described P04 distribution 
in the soil profile. Furthermore, sensitivity analysis was conducted to study the 
effect of the input parameters on the HYDRUS-ID mode1 The results showed that 
the HYDRUS-ID mode1 is most sensitive to the saturated hydraulic conductivity 
(Ksat), the Freundlich adsorption coefficient (f3), and the initial solute 
concentration of the soil Ci(x) . 
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----. Table 6.1: Outline Followed to Test the Sensitivity of the HYDRUS-l D Model to 
these Parameters 
changes 
?s= saturated soil water content; ?r= residual soil water content; a and n= fitting parameter for the 
van Genuchten model; Ksar= saturated hydraulic conductivity; 1= pore-connectivity parameter; kd 
andj3= fitting parameters for the Freundlich non-linear adsorption isotherm coefficient; ?b= bulk 
density; DL= longitudinal dispersivity; Ci(x)= initial solute concentration 
Table 6.2: The Estimated Parameters Required to Calibrate the HYDRUS-ID 
Model 
Column ?s ? a n Ksal k4 ft ?b • r 
(cm) cm3 cm-3 cm3 cm-3 -1 -1 d-I cm3 mg-I gcm-3 cm cm cm 
Cl (0-20) 0.342 0.200 1.45 0.990 6.l4 1.24 0.277 1.70 
Cl (20-40) 0.330 0.215 1.32 0.900 5.74 1.76 0.262 1.75 
Cl (40-60) 0.355 0.235 1.40 0.945 3.33 1.09 0.217 1.74 
C2 (0-20) 0.315 0.l80 1.42 0.945 6.21 3.00 0.407 1.52 
C2 (20-40) 0.366 0.231 1.35 0.990 5.87 1.85 0.291 1.57 
C2 (40-60) 0.275 0.215 1.25 0.900 3.34 2.11 0.280 1.75 
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Table 6.3: Initial (lC) and boundary (BC) Conditions for Water Flow and Solute 
Transport 
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Table 6.4: Calibrated Parameters Used in HYDRUS-ID Simulations 














cm 0-20 20-40 40-60 0-20 20-40 
cm3 cm-3 0.180 0.150 0.190 0.180 0.200 
cm3 cm-3 0.400 0.390 0.390 0.350 0.390 
-1 
cm 0.990 0.900 0.945 0.945 0.990 
1.45 1.32 1.40 1.42 1.35 
cm hr-I 0.220 0.200 0.120 0.220 0.200 
mgcm-3 1300 1350 1340 1220 1270 
cm 80.0 80.0 100 100 100 
mgcm-3 1.02E-03 6.00E-06 2.46E-08 1.43E-03 7.92E-05 
-1 
cm mg 1.24 1.76 1.09 3.00 1.85 
0.277 0.262 0.217 0.407 0.291 





































Table 6.6: Mass Balance Output from the HYDRUS-ID Model for Both Columns 
Column 1 Column2 
Time [hrs] 32.00 51.15 
De.(!th 0-20 20-40 40-60 0-20 20-40 40-60 
Area [cm] 19.6 19.7 20.6 19.6 19.7 20.6 
W -volume [cml 6.30 6.50 7.30 5.72 7.12 5.70 
In-flow [cm br" ] -0.8lE-01 -O.llE-Ol 0.77E-02 -0.37E-Ol -0.15E-01 0.47E-02 
hMean [cm] -O. 1 8E+02 -0.18 -0.53E-Ol -0.59E+04 -0.24 -1.00E-03 
cMean [mg cm-~] 0.4l5E-02 0.178E-04 0.246E-07 0.12E-01 0.96E-04 0.36E-05 
To.(! Flux [cm br:]] 0.114E-Ol 0.353E-02 
Bot Flux [cm br-IJ -O. 1 55E+00 -0.370E-Ol 
Table 6.7: Comparison Between Simulated and Measured Results 
Column 1 Column2 
Depth Av. Av. Absolute Av. Exp. Av. Absolute RMSE 
cm Exp. Model Difference mgkg-1 Model Difference mg kg-1 
mgkg-1 mgkg-1 mg kg-1 
Final [P04] Adsorbed 
0-20 264 277 13.0 345 464 119 85.0 
20-40 27.0 100 73.0 69.9 125 55.1 65.0 
40-60 18.0 24.3 6.30 10.3 62.9 52.6 37.5 
Mean 62.4 
Volume Water Retaioed bI the Soil L 
L 7.10 6.28 0.82 6.90 5.82 1.08 0.960 
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Figure 6.1: Sensitivity Results for Parameters: Ksat (a), Cj(x) (b), andj3 (e) 
a) Cumulative Bottom Flux b) Cumulative Concentration Bottom Flux 
~ y = 2.31x + 39.0 
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CONNECTING TEXT TO CHAPTER 7 
This chapter is a manuscript awaiting publication in 2006. The manuscript 
is co-authored by my supervisor Dr. C.A. Madramootoo and Dr. W.H. 
Hendershot, Prof essor at the Natural Resource Sciences Department of McGill 
University. Allliterature cited in this chapter is listed in the reference at the end of 
this thesis. 
Chapter 7 investigates the capability of the HYDRUS-NICA model and 
the HYDRUS-ID model to simulate phosphorus (P) transport in re-packed soil 
column experiment. Although the capability of the HYDRUS-ID model in 
simulating P transport in the soil was already investigated in Chapter 6, however 
the results were not conclusive in what specifically contributed in the 
discrepancies between the simulated and measured results. Therefore, further 
investigation was required. This is the topic of the fOllowing article. 
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,---- CHAPTER 7: Modeling Phosphate Transport in Re-packed Soi! 
Columns using the HYDRUS-ID and HYDRUS-NICA Models. 
Joumana Abou Nohra, Chandra Madramootoo, and William Hendershot 
ABSTRACT 
To improve the predictions of phosphate (P04) transport from soil-water 
environments to fresh water systems, two physically-based mechanistic models 
were applied: the HYDRUS-ID model and the HYDRUS-NICA mode!. Both 
models solve Richards' equation and the advection-dispersion equation to 
simulate water flow and P04 transport, respectively. However, the HYDRUS-ID 
mode! utilizes the Preundlich isotherm to describe P04 adsorption to the soil, 
while the HYDRUS-NICA model utilizes the NICA model equation. The NICA 
mode! provides a better description of P04 adsorption to the soil particles. Re-
packed soil column experiments were conducted on two soils collected from 
southern Quebec using a mechanical syringe extractor technique. The results from 
these experiments were used to calibrate and validate both the HYDRUS-ID and 
HYDRUS-NICA models. Results from the re-packed soil column experiments 
showed that the two soils reacted differently to the P04 treatments; soil SI (52% 
clay) retained on average 40% of the added P04 while soil S2 (82% sand) retained 
on average around 99%. The overall goodness-of-fit for the HYDRUS-ID model 
simulations was classified as poor; it over-predicted P04 adsorption and under-
predicted P04 transport. The HYDRUS-NICA model improved the prediction of 
P04 transport, with the coefficient of modeling efficiency values being close to 
unit y, and the coefficient of residual mass values being close to zero. However, 
the HYDRUS-NICA model was not able to perfectly simulate the shape of the 
curve of measured data for the cumulative outflow P04 concentrations. Sensitivity 
analysis showed that the HYDRUS-NICA model was most affected by the P04 
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median affinity parameter for site 1 (Kp04.1), the intrinsic heterogeneity parameter 
of the soil surface for site 1 (Pl), and initial P04 concentrations in the soil. 
Keywords: HYDRUS-ID mode!, NICA mode!, re-packed soil column 
experiments, phosphate transport, statistical analysis 
7.1 INTRODUCTION 
An excessive amount (> 0.03 mg L-1) of phosphorus (P) in surface and 
subsurface runoff leads to eutrophication of aquatic ecosystems (MENV, 2006). 
Extensive ongoing research is focused on controlling non-point source P pollution 
from agricultural fields in southem Quebec (Jameison et al., 2000; Simard, 2005; 
Gollamudi, 2006). Researchers' main interest is to quantify the concentration ofP 
in the soil solution and to identify the main transport mechanisms of P from soil-
water environment to fresh-water ecosystems (Heathwaite et al., 2000). However, 
the most hazardous form of P to aquatic ecosystems is orthophosphate (P04); this 
is the form of P that is most soluble and readily absorbed by aquatic plants 
causing algal blooms (Jans son, 1988). 
The rate and the concentration of P04 transport in the soil water 
environment are determined by a combination of adsorption and desorption 
processes occurring at the surface of the soil partic1es in conjunction with water 
flow and solute transport processes (Sharpley et al., 2002). Consequently, the 
HYDRUS-ID model (v.3.00) (Simunek et al., 2005), a deterministic physically-
based numerical model, was employed to study P04 transport in one-dimension 
under variably saturated flow in the soil water environment. The HYDRUS-ID 
mode! was applied to study P04 transport in undisturbed soil columns, as 
explained in detail in Chapter 6. Results showed that the HYDRUS-ID model 
could not adequately describe P04 transport in re-constructed soil columns. This 
is either because the HYDRUS-ID mode! could not account for the heterogeneity 
of the soil structure and the preferential flow that occurred in these columns, 
and/or could not properly describe P04 adsorptions by the Freundlich isotherm. 
Ben-Gal and Dudley (2003) simulated P-distribution in the soil under continuous 
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point source irrigation in greenhouse lysimeters using the HYDRUS model. They 
conc1uded that HYDRUS-ID is an inadequate model in representing P adsorption 
during transport processes. Furthermore, Phillips (2006) investigated the ability of 
the HYDRUS-2D model in simulating the transport of reactive chemicals like 
potassium in undisturbed soil columns. The results were not very conclusive and 
Phillips (2006) recommended more investigation into the ability of the HYDRUS 
model in predicting the transport of reactive chemicals in the soil-water 
environment. Therefore, to improve the ability of the HYDRUS model to simulate 
P04 transport, a new chemical model, the NICA model, was introduced to the 
HYDRUS model. 
The non-ideal competitive adsorption (NICA) model (Koopal et al., 1994) 
was introduced to the HYDRUS code to replace the Freundlich-Langmuir 
isotherms, because these isotherms are empirical in nature and not adequate to 
describe the complex P04 adsorption reactions to the soil (Harter and Smith, 
1981). The NICA model describes the adsorption of dissolved ions onto the soil, 
while taking into account the competitive non-ideal behaviour of the different 
substances in the soil aqueous solution, and considering the pH and the ionic 
strength. The HYDRUS-NICA model was based on the HYDRUS code 
developed by Simunek et al. (1993). The conceptual and mathematical 
development of the HYDRUS-NICA model is described in detail in Chapter 3 of 
the thesis. Calibration and validation of the NICA model used to describe P04 
adsorption to soils in southem Quebec, Canada is described in Chapter 4. 
Furthermore, to study P04 transport under a relatively uniform soil 
structure, a re-packed laboratory soil column experiment was conducted. The 
experiment consisted of re-packed columns leached using a mechanical syringe 
extractor with an artificial soil solution; it allows for betler control and monitoring 
of P04 transport in soil-water environments. This re-packed column set-up 
presents an advantage over zero-tension lysimeters, they are relatively 
inexpensive to conduct and monitor. In addition, this set-up requires a much 
shorter equilibrium period (less than three day) as opposed to almost a year for the 
zero-tension lysimeters (MacDonald et al., 2004a; 2004b). Subsequently, the 
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results generated from this experiment were used to test the performance of the 
HYDRUS-lD and the HYDRUS-NICA models. 
This paper presents results of numerical analysis of a laboratory re-packed 
column experiment, which was designed to simulate the effects of water flow and 
solute transport dynamics on P04 leaching and adsorption in agricultural soils, 
using both the HYDRUS-lD and HYDRUS-NICA models. The objectives ofthis 
study are: l) to conduct homogenous soil column experiments to determine the 
retention capacity to P04 of two soils from Quebec, Canada, in the presence of 
transport processes, 2) to calibrate the HYDRUS-lD and HYDRUS-NICA 
models, and 3) to validate the HYDRUS-lD and HYDRUS-NICA models in 
simulating P04 transport under steady-state conditions, using the results from the 
re-packed soil column experiment. 
7.2 MATERIALSAND METHODS 
7.2.1 Re-packed Column Leaching Experiments 
The experiment was based on the method developed by MacDonald et al. 
(2004a, 2004b). They developed a column leaching technique that provides a 
good simulation of the solubility of trace metals, pH, and ionic strength of soil 
solutions using a mechanical syringe extractor on dried and homogenized soils 
with water and an artificial soil solution. For this study, the column leaching 
technique was adapted to estimate the leaching and solubility of P04, pH, and EC 
of the soils being studied using artificial solutions (KCI and KH2P04). Two soils 
with different textures, collected from southem Quebec, Canada, were used in this 
experiment. The properties of the two soils are reported in Table 7.1. The soil 
considered for the soi! type (S l) was collected from a field located on the Pike 
River watershed, in southern Quebec (45 0 7' N; 73 0 3' W). The field has a surface 
drainage area of 7 ha (Simard, 2005). The land use was agricultural; a comfield 
with conventional tillage. The soil type was a mixture of Bedford sandy clay loam 
surrounded by Ste. Rosalie clay loam-and St. Sebastien shaly loam (Cann et al., 
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1947). The mode of deposition, for these gleysolic soils, was glacial-lacustrine. 
The field has less than a 2% slope, amd moderately well drained. Whereas, the 
chemical properties of the second soil (82) were based on the results reported by 
Taillon (2005); it is an agricultural soil collected from southern Quebec. 
The experimental set-up for each column consisted of two 60 mL syringe 
barrels that were connected together vertically with a tight fitting stopper (Figure 
7.1). The lower syringe barrel (12 cm high and 1.3 cm diameter) was packed with 
20 g of air dried, homogenized and sieved soil. High-density polyethylene (HDPE) 
frits (8upelco, Bellefonte, PA) encased the soil in the syringe barrels. The upper 
syringe barrel, holding the solution to be extracted, was inserted on top of the 
syringe barrel holding the soil. 8uction was applied to the bottom of the lower 
syringe barrel by a mechanical syringe extractor (Centurion Model 24-01, 
Centurion International, Lincoln, NE), causing the solution contained in the upper 
syringe barrel to drip into the soil columns and then out of the lower syringe 
barrel. The two syringe barrels were tightly connected to avoid leaks, thus 
preventing the flow rate from being compromised. Extraction was carried out in 
an incubator at a temperature at 4-6°C at all times to avoid microbial growth in 
the columns. 
The experiment was run for 21 columns. Two different soils (81 and 82) 
were used in the experiment. Each soil had 9 columns: three for the control 
treatment, three for treatment 1, and three for treatment 2. Three more columns 
were considered as blanks where no soil was added to the columns, only the 
HDPE frits. The control solution consisted of 200 J.lM of KC1, while treatments 1 
and 2 consisted of 0.001 M and 0.002 M KH2P04, respectively. AlI the columns 
were first pre-treated with 30 mL of de-ionized water. The water was leached at a 
rate of 30 mL hr-1, after which, the experiment ran for 12 days at an extraction 
rate of 2.7 mL hr-1• For the first three days, all columns were leached with the 
control solution. From day four to day eight, seven columns, three from each soil 
and one blank column, were leached with treatment 1; seven other columns, three 
from each soil, and one blank column, were leached with treatment 2; the rest of 
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the columns were leached with the control solution. From day nine to day twelve, 
aIl the columns were leached, again, with the control solution. 
Each extraction consisted of leaching the columns overnight for 17 hours. 
Prior to each extraction, 20 mL of the treatment solution were added to the upper 
syringe of each column. After each extraction, the leachates were collected in acid 
washed bottles, and the weight of the lower syringe barrels containing the soil was 
recorded to ensure that columns were in steady state. The collected leachates were 
analyzed for P04 using a flow injection colorimeter (LATCHAT; Mode1 Quick 
Chem 8200, Milwaukee, WI) within a week of the extraction. Aliquots of the 
collected solution were analyzed for electrical conductivity (EC) and pH within 
24 hours of the extraction. At the conclusion of the experiment, the treated soil in 
aIl 18 columns was air dried and ground to break up aggregates. These soil 
sampi es were then analyzed for extractable P04 and Al using the Mehlich-III 
extraction, and the flow injection colorimeter (Lachat; Model Quick Chem 8200, 
Milwaukee, USA). They were also analyzed for total P using an acid digestion 
method (Parkinson and Allen, 1975). 
7.2.2 The HYDRUS-ID and HYDRUS-NICA Models 
The HYDRUS-ID and HYDRUS-NICA mode1s were applied to simulate 
one-dimensional water flow and solute transport in homogenous columns under 
steady-state conditions. The HYDRUS-ID model (v.3.00) (Simunek et al., 2005), 
a Windows based software, is designed to simulate one-dimensional water flow 
and solute transport in variably saturated soil systems using numerical analysis 
schemes. Water flow is mode1ed using Richards' s Equation, and the solute 
transport is mode1ed using the Fickian-based convection-dispersion equation. 
Consequently, the HYDRUS-ID models require, as input, three sets ofparameters: 
the soil hydraulic, transport, and reaction parameters. The HYDRUS-ID mode1's 
governing equations and required input parameters are described in detail in 
Chapters 4 and 5. The HYDRUS-NICA model is based on pro gram code written 
in FORTRAN programming language, and is not linked as a user-friendly 
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Windows interface. However, the HYDRUS-NICA model uses the same 
goveming equations, numerical schemes, and parameters applied in the 
HYDRUS-ID model, except for the solute reaction processes and parameters, 
where the P04 adsorption is described by the NICA mode1 (Koopal et al., 2004). 
A full description of the HYDRUS-NICA model and its required input parameters 
is presented in Chapter 3. 
7.2.3 Simulations 
The simulations usmg both the HYDRUS-ID and HYDRUS-NICA 
models were divided into two stages: calibration, and validation. Results obtained 
from treatment 1 were used to calibrate the parameters, to improve the fit between 
the simulated and measured data, while the results obtained from treatment 2 were 
used to validate the output from both models. Calibration for both models was 
based on the measured concentration of P04 in the outflow solution, while the 
validation was carried out based on the measured concentration of P04 in the 
outflow solution, and the final concentration of P04 retained by the soil. 
A detailed sensitivity analysis was performed in Chapter 6 to evaluate 
water flow and transport parameters that have the most affect in the output results 
from the HYDRUS-ID model. Results showed that the HYDRUS-ID model was 
affected most by saturated hydraulic conductivity (Ksat), the Freundlich adsorption 
coefficient (/3), and initial solute concentration of the soil Ci(x). Further sensitivity 
analysis was conducted to study the quantitative impact of the HYDRUS-NICA 
model reaction parameters on the solute transport bottom flux. The methodology 
was identical to the one described in Chapter 6. Based on the results obtained in 
this study and in conjunction with the results obtained in Chapter 6, the most 
sensitive parameters were then further calibrated to best fit the measured data. 
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7.2.4 Calibration 
The calibration approach, criteria, and conditions were identical for both 
models, HYDRUS-ID and HYDRUS-NICA, with the exception of the reaction 
parameters. The differences are described below. 
Water flow and transport parameters. The van Genuchten hydraulic 
analytical equation was used to detennine the soil hydraulic parameters during all 
the simulations. A non-hysteretic description and the absence of regions of 
immobile soil water were assumed in all simulations. Estimating the effective 
hydraulic and transport parameters, for both the HYDRUS-ID and HYDRUS-
NICA models, was a two-step process. During the first step, soil water parameters 
(using the van Genuchten equation) were initially estimated using ROSETI A 
(Schaap et al., 2001) based on the soil texturaI percentages and bulk density. The 
bulk density of the soils in the columns was detennined based on measured 
weight and volume of soil in each column. Hydraulic parameters were further 
manually calibrated to improve the fit. The water flow parameters were chosen to 
be temperature dependent. With flow parameters known, the transport parameters 
(longitudinal dispersivity DL and bulk density Ph) were then estimated in the 
second step. The values for DL and Ph were optimized simultaneously by trial and 
error, using the forward mode in s theHYDRUS-ID and HYDRUS-NICA models, 
until mass and water balance errors were minimized to < 1 %. The transport of 
solute through diffusion was considered negligible; therefore the molecular 
diffusion coefficient in free water (Dw) was set to zero. The rest of the iterative 
parameters for water flow and solute transport were set to their default values. 
Reaction parameters. Non-linear adsorption was assumed in both models. 
For the HYDRUS-ID model, the Freundlich isotherm was used to describe non-
linear adsorption of P04• Estimation of reaction parameters, equilibrium constant 
(Kd), and shape fitting (fJ) parameters for the Freundlich isothenn, was a two-step 
process as well. The values for these parameters were initially based on the 
estimated values calculated in Chapter 5 for soil SI and from the literature from 
soil S2 (Femandez and Warren, 1994). They were then manually calibrated by 
trial and error, again using HYDRUS-ID in the forward mode. Most of the 
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emphasis was placed on getting good fits between the front (rising) parts of the 
simulated and measured P04 outflow concentrations. With respect to the 
HYDRUS-NICA mode!, the NICA model was used to describe non-linear 
adsorption of P04. The initial estimation of reaction parameters, required by the 
NICA mode!, was determined based on the values calculated in Chapter 4 and 
Taillon et al. (2005), which are listed in Table 7.5. 
Transport Domain and Material Distribution. One-dimensional flow was 
extended over a length of3.1 cm, and discretization was set to comprise a total of 
100 finite elements. A finer discretization was implemented on the top boundary 
of the column, to accommodate for the steep gradients in concentration and 
pressure head. Each column was considered to be composed of one homogenized 
soil material, and was assumed to have uniform physical and chemical properties. 
The stability criterion (ratio of Pec1et to Courant's number), indicated by the 
HYDRUS-ID model during aIl the simulations, was fixed at 2. 
Time Domain. Each day of extraction was simulated independently during 
the calibration and validation processes. For each column, twelve simulations 
were performed, where each simulation would last for 17 hours, equivalent to the 
extraction time. The pulse duration, which is defined as the time duration of the 
solution application to the system, was set to 7.4 hours during the simulations. 
Furthermore, the initial time step, minimum time step, and the maximum time 
step were calibrated simultaneously to minimize the mass balance errors. 
Initial Conditions. The initial water conditions were specified in terms of 
moi sture content, and were set as equal to the measured water content before each 
simulation. For simplicity, the average moi sture content and P04 input 
concentrations of the three replicates for each treatment were used for both 
mode!s, rather than the individual values. Simulations with either the individual or 
averaged P04 concentrations used for input showed very minimal differences in 
the parameter values obtained. The initial concentrations Cj(x) of P04 throughout 
the columns were based on the results obtained from the P04 adsorption 
experiment under the control treatment (Chapter 4). The initial concentration of 
P04 was based on the measurement of the P04 concentration in solution where no 
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KH2P04 (control) was added, and that measured concentration indicated the 
concentration of P04 in the soil solution under equilibrium conditions. 
Boundary Conditions. The re-packed column experiment was conducted 
under steady-state conditions, and accordingly the following boundary conditions 
were fixed. The upper water flow boundary condition at the surface (x=L) was 
specified as constant flux equal to 2.7 mL hr- l . The lower water flow boundary 
conditions were prescribed as free drainage (gravit y dependent). As for solute 
(P04) transport, concentration flux boundary conditions were implemented at the 
upper boundary, and a zero gradient boundary condition was set at the lower 
solute boundary condition. 
7.2.5 Assessment of Model Performance 
The mean and the standard deviation were calculated on the outflow 
concentration of P04 for both the predicted and measured values. The 
performance of the HYDRUS-ID and HYDRUS-NICA models to simulate one-
dimensional P04 transport in homogenous soil columns against experimental 
measured values was evaluated using the following linear regression analyses and 
the goodness-of-fit parameters (Phillips, 2006; Piegorsch, 2005; Sarmah et al., 
2005; Persicani et al., 1996). 
L· 1· () ffi· cov(M,P) mear corre atlOn r coe Clent = ---'---'--~ 
SMSp 
7.1 
where cov stands for covariance, S stands for the standard deviation for the 
examined sample, and M and P are the measured and predicted values, 
respectively. The r coefficient varies between -1 and 1, which measures the 








where Pj stands for predicted value, Dj is the measured value, and n stands for the 
number of observation. The CRM relationship compares the mass of ions or 
solute leached from the columns irrespective of its distribution in the leachates. A 
value of zero for the CRM indicates a good prediction of the mass of solute in the 
leachates. 
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where Dm stands for the average of the measured values. CME is a measure of the 
accuracy of the simulations; it is an indicator of the overall agreement between 
the measured and predicted data. A value of 1 indicates a perfect match between 
the predicted and measured values. However, if CME is less than zero, the 
predicted values are worse than simply using the observed mean as the best 
estimate of the data points. 
1 
Rool Mean Square Error (RMSE) ~ [,~, (p, ~ 0 ;)' r 7.4 
The RMSE exaggerates the prediction error, which is defined as the difference 
between the measured and simulated values. A value of 0 indicates no difference 
between simulated and measured results; the smaller the RMSE the beUer the 
perfonnance of the model. 
The linear regression (r), CRM, and CME were used to evaluate the 
calibration and validation of the two mode1s, using the outflow concentration of 
P04 in the leachates, while the RMSE was used to validate the final concentration 
of P04 in the soi! columns. 
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7.3 RESULTS AND DISCUSSION 
7.3.1 Re-packed Column Leaching Experiments 
The two soils, SI and S2, reacted differently to KH2P04 treatments. 
Figures 7.2, 7.3, and 7.4 represent the concentrations ofP04, the EC, and the pH 
of the leached solution, respectively; the values represented in these figures are 
averages of three samples. The soil SI, showed an increase in P04 concentration 
in the leached solution in response to the addition of both KH2P04 treatments to 
reach a peak on day 8 of the extractions, and then decreased again to reach its 
initial concentration by day 12. As a consequence, the EC of the leachates for soil 
SI, increased due to the increase in the concentration of P04 in the leachates 
(Figure 7.3), decreased again as KH2P04 treatments stopped, and the 
concentration of P04 in the leachates decreased. However, the pH of the leachates 
decreased with the addition of both KH2P04 treatments; the pH decreased by 0.2 
units under treatment 1, and by 0.5 units under treatment 2 (Figure 7.4). 
Nevertheless, soil S2 showed a different response to the application of 
KH2P04 treatments. Under treatment 1, S2 did not show much response to the 
added KH2P04; more than 99% of the P04 concentration added was retained by 
the soil during the 12 days of extraction. Under treatment 2, S2 showed a response 
to the added KH2P04; the concentration of P04 in the leachates started to increase 
slightly by day 7 (after three additions of 0.002 M KH2P04 treatments), and 
reached a plateau of 0.80 mg L-1 by day 12. However, in response to both 
KH2P04 treatments, the EC of the leachates decreased by 60 JlS cm-1 and 
increased again when the KH2P04 treatments stopped after day 8. Whereas, the 
pH of the leachates increased linearly from day 1 to 12 of the extractions for both 
the KH2P04 treatments and the control. 
The P mass balance was calculated, for aIl columns, based on total P 
results. The amount of total P added, lost, and retained by the columns balanced 
out with less than 1 % error, for aIl 18 columns. However, summing up the total 
amount of P leached, and comparing it to the total amount of P added throughout 
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aIl 12 extractions; soil SI leached 33% and 50% of the total added P for 
treatments 1 and 2, respectively, while soil S2 leached less than 1 % of the total 
amount of added P for both treatments. Furthermore, even though soil S2 retained 
more than 99% of the total amount of P04 added, its P saturation index, at the end 
of treatment 2, was almost half the P saturation index of soil SI, which retained 
only 50% of the total amount of P04 added. Table 7.3 summarizes the change in 
Mehlich-III P04 and P saturation index to the different KHZP04 treatments for 
both soils. These results further indicate that soil S2, which is 81 % sand, has a 
higher surface charge capacity to fix phosphate than soil SI, which is 52% clay. 
This is clearly shown in the Qmax values presented in Table 7.5; the values for soil 
S2 are one magnitude higher than those reported for soil SI. The Qmax values 
represent the total number of available hydroxyl binding sites on the soil particles 
in cmol kg- l . 
7.3.2 Sensitivity analysis for HYDRUS-NICA model 
The sensitivity analysis showed that the reaction parameters that 
predominantly affected the performance of the HYDRUS-NICA model in 
simulating water tlow and solute transport under steady-state conditions, were the 
median affinity constant for P04 for site 1 (Kp04,1), the intrinsic heterogeneity 
parameter of the soil surface for site 1 (Pl), and initial concentration ofP04 (Ci). 
Furthermore, results showed that the outcome of the HYDRUS-NICA model was 
affected to a lesser extent with the intrinsic heterogeneity parameter of the soil 
surface for site 2 (P2). The sensitivity of the HYDRUS-NICA model to each of the 
NICA model reaction parameters was tested independently (Table 7.3). 
The parameter Kpo4,l is a key parameter in the NICA model in 
determining the relationship between anion concentration in the solution, and the 
concentration adsorbed to the soil as described in Chapter 3 and 4 as was 
indicated by Koopal et al. (1994). Similarly, the initial concentration of P04 in 
solution equally affects the outcome of the NICA model equation; the Kpo4 
parameters are a multiplication factor of the concentration terms on the NICA 
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model equations. Results show that parameters Kp04,J and Ci have a positive and 
almost a linear relationship with the cumulative concentration of P04 (solute) 
leached from the columns (Table 7.3). A change of 22% of the parameter Pl 
affected the cumulative solute bottom flux ofthe HYDRUS-NICA model by Il to 
15%; it is an exponent coefficient to both the median affinity adsorption 
parameters and concentration of aIl competitive anions for site 1 in the main 
equation of the NICA model (Chapter 4). Based on the results listed in Table 7.3, 
site 1 (low pH site) parameters have a more significant effect on the HYDRUS-
NICA performance than the parameters of site 2 (high pH site). The reason is that 
site 1 (low pH sites) demonstrates a stronger binding energy for P04 ions than site 
2 (high pH sites), as it is shown in the K p04 values; value for the Kp04,J parameter 
is six order of magnitude higher than the value of Kpo4, 2 (Chapter 4). 
7.3.3 Calibration 
The main objective behind the calibration was to fit the simulated 
concentration of P04 in the leached solution to the measured values, while 
ensuring that the water and mass balance error, produced by the HYDRUS-1D 
and HYDRUS-NICA model, remained to less than 1 %. The results from 
treatment 1 of the re-packed soil column experiments were used to calibrate both 
the HYDRUS-NICA and HYDRUS-1D models. 
HYDRUS-ID Model. As a first step during the calibrations, the saturated 
hydraulic conductivity parameter (Ksat) and the saturated moi sture content (?s), 
being characterized as the most sensitive parameters (Chapter 6; Yang et al., 2003) 
were manually ca1ibrated to ensure that the numerical solutions converged· by 
comparing the moi sture content at the end of each simulation, and ensuring that 
the water balance error did not exceed 1 %. The Ksat and ?s values which resulted 
in the best fit between observed and simulated moi sture content, for the leaching 
duration, were selected. Furthermore, the final boundary fluxes heads produced 
by the HYDRUS-1D did not indicate the steady-state conditions of the column. 
However, by changing the lower water boundary condition to a constant pressure 
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head instead of free drainage, a steady-state condition was attained. Once the 
hydraulic and transport parameters were calibrated, the reaction parameters were 
then calibrated to fit the concentration of P04 in the leached solution. The initial 
and final calibrated values by the HYDRUS-ID model are listed in Table 7.4. 
With respect to soil SI, the hydraulic parameter that changed the most was 
the Ksat value, as reported in Table 7.4. The Ksat increased by one order of 
magnitude, which could indicate the existence of macro-pores in the columns of 
soil SI. Furthermore, the reaction parameter (j3) increased by a magnitude of one 
for both soils, which further indicates the non-linearity of P04 adsorption. 
The calibration did improve the outcome of the HYDRUS-ID model with 
respect to the CRM and RMSE, in comparison to the initial results for both soils 
(Table 7.6). However, the calibration did not improve the r coefficient and CME 
values. The main objective of the calibration was to improve the fit between 
measured simulated outflow of P04 concentration, for aIl 12 extractions under 
treatment 1, and that was reflected in the CRM and RMSE values since they 
measure the residual mass ofP04leached and adsorbed, respectively. 
HYDRUS-NICA Model. The hydraulic, transport, and iterations 
parameters resulting from the calibration of the HYDRUS-ID model were used in 
the HYDRUS-NICA model. However, the HYDRUS-NICA model was further 
calibrated for the reaction parameters of the NICA model. Based on the results of 
the sensitivity analysis, parameters that were initially calibrated were the Kp04,1 
and Pl parameters to improve the fit between the front (rising) parts of the 
simulated and measured P04 outflow concentrations, until the maximum value is 
reached by day 8 (Figure 7.2). After which, parameters Kp0 4,2, P2, and np04,2 were 
calibrated so that outflow P04 concentrations decreased back to the desired 
concentrations. As shown in Table 7.6, the calibration reaction parameters 
significantly improved the outcome of the HYDRUS-ID model s for both soils in 
comparison to the independently estimated reaction parameters. 
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7.3.4 Model Evaluation 
The main objective behind the validation process was to evaluate the 
perfonnance of the HYDRUS-ID and HYDRUS-NICA models, based on 
calibrated parameters and conditions. Mode1 evaluation was perfonned between 
the simulated values from the models, and the measured values from the re-
packed soil column experiments for treatment 2. 
Water Balance. The simulated water flow results from both models were 
evaluated against the mass balance, initial and final moi sture content of the 
columns, and the cumulative water volume co11ected after each extraction. The 
water balance was evaluated for steady-state conditions according to the 
following equation: 
Vin = Vout - l'l V (9) 
where Vis the volume ofwater. For a11 the simulations, the cumulative volume of 
water drained (Vout=19.39 ± 1.9 mL) was equivalent to volume added (Vin = 20 
mL) minus sorne losses (AV) in the system, which add up to less than 1%. 
Consequently, the initial moi sture content was equivalent to the final moi sture 
content; equilibrium moisture content in the columns were maintained on average 
at 0.38 ± 0.014 and 0.33 ± 0.011 for soils SI and S2, respective1y. 
Phosphate Transport. Figure 7.5 shows a comparison between the 
measured, HYDRUS-1D simulated, and HYDRUS-NICA simulated values of 
outflow P04 concentration, from the columns during a11 12 extractions, for both 
soils. The predictions by the HYDRUS-NICA mode1 improved the P04 transport, 
in comparison to predictions by the HYDRUS-1D model, for both soils. 
An examination of the statistical parameters (Table 7.6) revealed that the 
overa11 goodness-of-fit was poor for the HYDRUS-1D model. The simulated data 
did not match the measured data we11 with the CRM values for soil SI (0.53) and 
soil S2 (0.97), not being close to zero, and the CME values for soil SI (0.18) and 
soil S2 (0.28) not being close to unity. However, the r coefficient with a value 
(0.9) close to one for soil SI, indicating linearity between the simulated and 
measured data sets; both data sets followed the same trend in simulating P04 
transport, and can be seen-in Figure 7.5. Soil S2 (r = 0.3) did not show much-
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linearity between the simulated and predicted values; the HYDRUS-ID model 
simulated the cumulative outflow of P04 concentration two orders of magnitude 
lower than the measured values. Furthermore, the RMSE values, used to evaluate 
the final P04 adsorbed to the soil at the end of the experiment, showed that the 
HYDRUS-ID model over-predicted P04 adsorption and under-predicted P04 
transport (Table 7.6). These results are in agreement with the results obtained in 
Chapter 6, where the HYDRUS-ID model was applied to simulate water and 
solute transport in re-constructed soil columns. In Chapter 6, the difference 
between the simulated and measured data was attributed to the inability of the 
HYDRUS-ID model to account for the heterogeneity ofthe soil structure and the 
preferential flow, and/or could not properly describe P04 adsorptions by the 
Freundlich isotherm. However, in this study, the experiment was run under re-
packed and controlled conditions, where little preferential flow could have 
occurred. Therefore, the results obtained in this study could signify that the 
Freundlich isotherm employed by the HYDRUS-l D is inadequate in simulating 
P04 adsorption during transport processes. The results are in agreement with 
results obtained by Ben-Gal and Dudley (2003). 
The HYDRUS-NICA simulations were in good agreement with the 
measured outflow P04 concentration data, as indicated by the goodness-of-fit 
parameters with the CME (SI=0.80 and S2=0.93) values being close to unit y, and 
the CRM values (S 1 =- 0.26 and SI =0.17) being close to zero (Table 7.6). The 
negative CRM value for soil SI indicates that the predicted values are slightly 
higher than the measured values. The r coefficient values (S 1 =0.73 and S2=0.67) 
signify that the predicted and measured values have a moderately linear 
relationship; the HYDRUS-NICA did not perfectly simulate the trend of the 
measured data. Furthermore, the RMSE values, for both soils, were significantly 
lower than the RMSE values calculated for the HYDRUS-ID simulations, yet 
they did not reach zero, especially for soil SI. The reason is that even though the 
HYDRUS-NICA model could attain the maximum outflow P04 concentration by 
day 8, it was unable to reduce the outflow of P04 concentration from the columns 
after the KH2P04 treatment stopped. Therefore, the residual P04 concentrations, 
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which the HYDRUS-NICA model was unable to leach by day 12, contributed to 
slightly elevated RMSE values. The HYDRUS-NICA model improved the 
prediction of P04 transport, in terms of attaining the maximum leaching capacity 
of the two soils, but was not able to perfectly simulate the shape of the curve for 
the measured data. This was more apparent with soil SI, where the rising and 
falling limbs of the simulated curve are wider and more spread out than the 
measured curve (Figure 7.5a). As for soil S2, the simulated values slightly 
overestimated P04 concentrations before day 7, and underestimated them after 
day7. 
The reason behind the discrepancies between the simulated and measured 
data is unclear. However, it could be attributed to insufficient contact time 
between the infiltrating P04 solution and the soil particles, and/or to the nature of 
P04 interaction with the soil. In strongly aggregated soils, under drying and 
wetting conditions macropores tend to form, especially in clayey soils like soil SI 
(Hillel, 1998). Therefore, as the added solution infiltrates through the soil column, 
it tends to flow preferentially through these macropores, without flowing through 
aH the micropores in aggregates in the column. For that reason, a sharp decrease 
occurs in the measured outflow P04 concentration as the KH2P04 treatment stops 
(Figure 7.5a). This phenomenon is not taken into account in the HYDRUS-NICA 
model which simulates the P04 (solute) transport based on the advective-
dispersive movement, assuming that the P04 solution is transported through the 
complete soil pore-volume. However, over time sorne of the solutes get trapped in 
the micropores of the soil aggregates, which are characterized as an immobile 
zone (Hillel, 1998). As the P04 solutes are trapped in these immobile zones, the 
P04-3 anions will react to form covalent bonds (chemisorption) with the soil 
functional group, as in Equation 5 (Sposito, 1989). When P04 become 
sequestered into inaccessible microsites (immobile zones) within the soil matrix, 
the adsorbed P04 anions may diffuse further into the soil aggregate due to a 
concentration gradient, and may also form stronger bi-bendate bonds with the soil 
functional groups (Goldberg and Sposito, 1985). This form of bonding renders 
P04 anions inaccessible and harder to displace into the soil solution. This 
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phenomenon is referred to as agmg (Hatzinger and Alexander, 1995). 
Furthermore, the NICA model has been proved to successfully simulate the P04 
chemisorption processes in Chapter 4, yet incapable of describing the aging 
process. This could explain the inability of HYDRUS-NICA to perfectly simulate 
the shape of the curve of the measured cumulative outflow ofP04 concentration. 
7.4 CONCLUSIONS 
Results from the re-packed soil column experiment showed that the two 
soils responded differently to the P04 treatments. Soil SI (52% clay) retained on 
average 40% of the added P04 while soil S2 (82% sand) retained on average 
approximately 99% of the added P04. The sensitivity analysis showed that the 
outcome from the HYDRUS-NICA model was most affected by Kp04,l and Pl 
parameters, and initial P04 concentrations in the soi!. Both the HYDRUS-ID and 
HYDRUS-NICA models simulated water flow successfully with less than 1 % 
water balance error. Predictions from the HYDRUS-ID model, in simulations of 
P04 transport, did not produce a satisfactory goodness-of-fit with the measured 
values; they over-predicted P04 adsorption and under-predicted P04 transport. 
The HYDRUS-NICA model improved the prediction ofP04 transport for the both 
soils. This proved that the description of the P04 adsorption to the soil by the 
NICA model improved the prediction of P04 transport in solution. The 
HYDRUS-NICA model can be used as a modeling tool to improve the prediction 
of P04 transport at the field scale; it allows the simulation of P04 transport 
through dynamically describing P04 adsorption to the soil aggregate, based on the 
soil pH and the changing P04 concentration in the soi!. Therefore, the capability 
of the HYDRUS-NICA model could be further tested at the field scale; the 
HYDRUS-NICA model could be validated and calibrated to simulate P04 
transport under field conditions. 
Moreover, as the results indicate, the HYDRUS-NICA model did not 
perfectly simulate the shape of the curve of the measured data for the cumulative 
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outflow P04 concentrations. Therefore, further research in detennining the ratio 
of mobile to immobile zones in the soil, and studying the effect of soil aging on 
the adsorption of P04 anions onto the soil aggregates would improve the 




Table 7.1: Selected Soil Chemical Properties 
SoU OM pH CEC Mehlich m - P04 PSA 
% cmole kil mgkg-l % Sand - Silt - Clay 
SI 1.37 6.30 19_5 11.3 12.5 37 52 
S2 6.2 5.00 4.34 33.0 82 14 4 
PSA= particle size analysis; CEC= cation exchange capacity; OM= organic matter 

























Average ofthree sub-samples; P04= Mehlich-II1 P04 (mg kg-l); P Sat.= % P Saturation= 
(Mehlich-II1 PI Mehlich-II1 Al) X 100 X L12 (CRAAQ, 2003); Al= Aluminum; control= 200 J.1M 
KCI; treatment 1= 0.001 M KH2P04; treatment 2= 0_002 M KH2P04 
Table 7.3: Results of the Sensitivity Analysis for the HYDRUS-NICA Model 
parameters Changes Cumulative P04 bottom flux 
% %R 
Kp0 4,l +10 20 
-20 -41 
Kp04,2 +60 5 
-50 -3 
Pl +22 11 
-22 -15 
P2 +50 3 
-50 -2 
Ci +20 30 
-10 -40 
%R = (Rt - Rt,)fRt, *100; Rt = result value for using the test parameter value; 
Rt, = result value for using the base parame ter 
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Table 7.4: CaIibrated Parameters Used in HYDRUS-ID Model Simulations 
?r ?s a n 1 Ksat ?b DL kd fi Soil 
cm3 cm-3 cm3cm-3 cm-l cm-l cmd-l gcm-3 cm cm3 mg-l 
SI 
initial 0.102 0.518 0.0171 1.32 0.5 0.861 1.22 0.3 1.38 0.27 
calibrated 0.102 0.45 0.0171 1.32 0.5 2.00 LlO 5.0 1.00 4.00 
S2 
initial 0.042 0.437 0.0426 1.76 0.5 10.3 1.3 0.3 1.00 0.5 
calibrated 0.042 0.390 0.0426 1.76 0.5 9.5 1.4 4.0 2.0 1.35 
Table 7.5: Initial and Calibrated Estimates ofP04 Adsorption Parameters for the 
NICAModel 
Soil Q",axl Q",ax1 Kp04,l Kp04,l 
mo1kg- l mo1kg- l 
nP04,l np04,l Pl Pl al al 
SI 
initial 0.200 0.263 2.26E+10 1.24E+04 0.874 0.351 0.896 0.161 248 0.687 
calibrated 0.200 0.263 6.00E+11 1.24E+04 0.874 0.800 0.996 0.400 248 0.687 
S2 
initial 5.97 39.9 1.46E+I0 5.52E+03 0.822 0.343 1.00 0.581 4.87 0.002 
ca1ibrated 5.97 39.9 3.00E+11 5.00E+05 0.822 0.343 1.00 0.800 248 0.687 
Qmax= total number of avai1ab1e proton binding sites; KPQ4= median affinity constant for 
component P04; n= non-ideality behaviour of component P04; p= intrinsic heterogeneity of the 
soil surface; a: represents the competitive adsorption of the OH ions (Chapter 3); subscripts 1 and 
2 represent the two types ofbinding (low pH and high pH) for P04• 
143 
) 
Table 7.6: Evaluation of the HYDRUS-ID and HYDRUS-NICA Models' Perfonnances 
HYDRUS-ID Model HYDRUS-NICA Model 
Statistical 
Soil SI Soil S2 Soil SI Soil S2 
Parameters 
1 C V 1 C V 1 C V 1 C V 
Evaluation of the Outflow [P04] 
r (opt. value =1 & - 1) 0.906 0.788 0.897 - 0.567 - 0.426 0.257 0.780 0.830 0.730 0.450 0.623 0.673 
CRM (opt. value =0) 0.936 - 0.248 0.530 - 6.36 0.403 0.965 - 3.623 - 0.176 - 0.259 7.25 0.382 0.174 
CME (opt. value =1) 0.402 0.227 0.185 0.383 0.216 0.276 0.117 0.827 0.808 0.151 0.689 0.930 
Evaluation of the Final [P04] adsorbed 
RMSE (mg kg- I) 202 24.5 75.2 142 80.6 225 72.3 22.0 32.2 66.6 24.0 19.0 
1= initial simulations; C= calibration; V= validation 
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Figure 7.2: Concentration OfP04 in Leachates 
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Figure 7.3: Electrical Conductivity of Leachates 
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Figure 7.4: pH of Leachates 
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Figure 7.5: Comparison Between Measured and Simulated Outflow P04 
Concentration from the Re-packed Soil Columns under Treatment 2 
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CHAPTER 8: General Summary and Conclusions 
8.1 GENERAL SUMMARY AND CONCLUSIONS 
The main purpose of this study was to model phosphorus (P) transport in 
the soil-water environment under variably saturated conditions; to investigate the 
adsorption and transport of P along the soil profile. This study developed a model 
named the HYDRUS-NICA model to coyer limitations of current soil P models 
and enhance the prediction of P transport in the soil. In addition, different soil 
batch and column experiments were conducted to study P transport under 
controlled conditions, and to validate the results obtained from the models being 
studied in this thesis (HYDRUS-ID, NICA, and HYDRUS-NICA). 
The HYDRUS-NICA model is a dynamic, mechanistic, distributed, one-
dimensional model designed to portray P distribution and transport along the soil 
profile. The HYDRUS-NICA model was developed by coupling a hydrological 
model (the HYDRUS-ID model) with an aqueous chemical model (the non-ideal 
competitive adsorption - NICA model) to simulate water flow and P transport in 
the soil-water environment. The retardation factor (R) in the HYDRUS-ID model 
was modified, to replace the ratio of P adsorbed to P in solution (as/ac) by the 
NICA model equations. The HYDRUS-NICA code was verified to ensure that the 
modification to the HYDRUS computer did not affect the numerical computations 
in solving the different governing equations. The verification of the code was 
performed by comparing the relative errors produced by the HYDRUS-NICA and 
HYDRUS models for the same initial and boundary conditions. Overa1l, the 
results showed that the modifications to the HYDRUS computer code have been 
implemented correctly. 
The ability of the non-ideal competitive adsorption (NICA) model 
(Koopal et al., 1994) to describe phosphate (P04) adsorption for soils in southern 
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Quebec was investigated. The surface charge and P04 adsorption capacity for Il 
agricultural soil samples from southem Quebec was measured. The results 
obtained were applied to derive the NICA model parameters using a nonlinear 
fitting function. The NICA model was found to accurately describe the surface 
charge of these soils with a mean R2 > 0.99, and described the adsorption data 
with a mean R2 = 0.96. It was also found that the variable surface charge was 
distributed over the two binding sites (low and high pH sites), and the low pH 
sites demonstrated a stronger binding energy for hydroxyl and P04 ions. It was 
established that the NICA model is able to describe P04 adsorption for the soils 
considered in this study. 
The HYDRUS-ID model (ver.3.00) (Simunek et al., 2005) was tested by 
simulating P04 transport in re-constructed soil column experiments. HYDRUS-
ID utilizes the non-linear empirical adsorption (Freundlich and Langmuir) 
isotherms to model P04 adsorption. The different hydraulic, temporal, transport, 
and reaction parameters required by HYDRUS-ID were identified and estimated 
from both experimental results and the literature. These parameters were used to 
calibrate the HYDRUS-ID mode!. Parameter estimation of the soil hydraulic 
function, and adsorption parameters, was carried out based on the van Genuchten 
analytical function and the Freundlich non-linear adsorption isotherm, 
respectively. Re-constructed soil column experiments were conducted to validate 
the results obtained from the HYDRUS-ID mode!. The results from the re-
constructed column infiltration experiments showed that 98% of the total P added 
was concentrated in the top 20 cm of the columns, and that the concentrations of 
Mehlich-III P04 in the deeper layers decreased dramatically. Overall, the 
HYDRUS-ID model provide a good estimated of the water flow but 
overestimated final adsorbed P04 concentrations in the soil; the simulated results 
for P04 adsorption were on average 43% higher than the experimental results. 
The poor correlation between the simulated and the measured results for P04 
suggested that the HYDRUS-ID model could not account for the differences in 
soil structure found in the re-constructed soil columns, and the preferential flow 
that occurred in these columns, and/or that the Freundlich isotherm, which is part 
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of the transport equations, could not adequately describe P04 adsorption onto the 
soil particles (Phillips, 2005). 
The HYDRUS-NICA model was calibrated and validated using 
experimentally measured results, and its simulated results were then compared 
with the results obtained by the HYDRUS-ID mode!. Re-packed soil column 
experiments were conducted to determine the retention capacity of P04 for two 
soils from southem Quebec, Canada, in the presence of transport processes. 
Results from the re-packed soil column experiments were used to validate and 
calibrate both models. The results from the re-packed soil column experiment 
showed that soils of different texturaI classes (with different percentage in clay 
content) have different capacities in retaining P04. Soil SI (52% clay) retained on 
average 40% of the added P04 while soil S2 (82% sand) retained on average 
around 99% of the added P04. Both the HYDRUS-ID and HYDRUS-NICA 
mode!s simulated water t10w successfully with less than 1 % water balance error. 
Predictions from the HYDRUS-ID mode!, with respect to P04 transport, did not 
pro duce an acceptable goodness-of-fit with the measured values; they over-
predicted P04 adsorption and under-predicted P04 transport. The reason is that the 
Freundlich isotherm is inadequate in simulating P04 adsorption in the presence of 
the transport processes. The HYDRUS-NICA mode! improved the prediction of 
P04 transport with the coefficient of modeling efficiency values being close to 
unit y, and the coefficient of residual mass values being close to zero. Furthermore, 
the root mean square error (RMSE) values for the final concentration of P04 in 
the soil were significantly lower than the RMSE values calculated for the 
HYDRUS-ID simulations. Therefore, the HYDRUS-NICA model provided a 
better estimation of P04 transport for both soils. However, the HYDRUS-NICA 
mode! did not perfectly simulate the shape of the curve of the measured data for 
the cumulative outt1ow P04 concentrations. The reason behind the discrepancies 
between the measured and simulated data ofthe HYDRUS-NICA mode! could be 
due to insufficient contact between the infiltrating P04 solution and the soil 
particles, and/or the formation of immobile zones in the soil columns, which the 
HYDRUS-NICA mode! was not designed to take into account. 
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8.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
The work presented in this thesis provides the foundation of P04 transport 
in soil and water using the HYDRUS-NICA model. There are several areas where 
further research is required: 
1. Investigate the ability of the NICA model to describe P04 adsorption for 
other soils and regions not studied in the thesis in order to establish the 
versatility of the NICA model in describing P04 adsorption to the soil. 
2. Investigate the ability of the NICA model to describe P04 adsorption in the 
presence of organic sources of phosphorus (P). The NICA model would 
include the organic-P sources as competing anions in addition to the 
hydroxyl anions which are already incorporated in the HYDRUS-NICA 
model. 
3. Investigate the effect of the sequestration of P04 into micro sites (immobile 
zone within the soil matrix) on the adsorption of P04 anions onto soil 
aggregates. By studying and quantifying this effect, the results could be 
included in the HYDRUS-NICA model to improve its predictive capabilities 
in simulating P04 transport in the soil-water environment. 
4. Develop a method for determining the percentage of mobile-immobile zones 
that occur in the soil. This would allow the application of the mobile-
immobile module found in the HYDRUS-ID model, to the HYDRUS-NICA 
model. 
5. Verify further the code of the HYDRUS-NICA model with analytical 
solutions, to further test the robustness ofthe HYDRUS-NICA model. 
6. Applyand calibrate the HYDRUS-NICA model to simulate P04 transport 
under tile-drained agricultural field conditions, in order to investigate the 
capability of the HYDRUS-NICA model in simulating P04 transport in soil 
and water at a field scale. 
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CHAPTER 9: Contributions to Knowledge 
The work presented in this thesis provides original contributions to the 
body of knowledge conceming modeling of phosphate (P04) transport in soil and 
water. The main contributions are as follows: 
1. A new model, named the HYDRUS-NICA model, was conceived, 
designed, built, and tested to improve the prediction of P04 in the soil-
water environment. The new code was verified and the results showed that 
the modifications to the HYDRUS-ID computer code have been 
implemented correctly, and that the code of the HYDRUS-NICA model 
was numerically stable. 
2. The NICA model was adapted to simulate P04 adsorption to soils from 
southem Quebec. The NICA model successfully described P04 adsorption 
data with an R2 of 0.94. 
3. The HYDRUS-NICA model was calibrated and validated using 
experimentally measured results. The HYDRUS-NICA model provided a 
significantly better estimation of P04 transport than the HYDRUS-l D 
model under steady-state conditions in re-constructed soil columns for the 
soils being tested. 
4. The parameters of the NICA model, expressing the adsorption of the OH 
and P04 ions, were estimated for soils collected from southem Quebec 
with an R2 > 0.99. 
In addition, other contributions to knowledge were identified in this 
research. Results from both column experiments affirmed that P04 transport in 
clay dominant soils occurs through both matrix and preferential flow, and that 
sand dominant soils with elevated aluminum and iron hydroxide complexes have 
higher P04 retention capacity. 
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Development of the HYDRUS-NICA Model 
The general Advection-Dispersion Equation (ADE) considered in the HYDRUS model is 
represented by the following equation: 
aBc + apse + apsk + aag =~(BD.,,: ac )+~(aD~ ag )_ aqic _ 
at at at at aXi lJ aXj aXi lJ aXj aXi (1) 
-PwBc- ppse - ppSk - Pga g + y wB + Ys p+ yga - SCr 
where a, g, p,w, p,s, p,g, ?w, ?s, and? are parameters characterizing zero-order, first-order, 
and non-equilibrium chemical reactions 
Considering that P04 is only retarded by non-linear adsorption, the rest of the paramteres 
drop and the ADE (Equation 1) simplifies to the following equation: 
aBc + aps =~(BDW ac)_ aqjc 
at at ax lax ax (2) 
where ? is the volumetrie water content [L3 L-3], pis the bulk density [M L-3], q is the 
volumetrie flux density [L Tl], c is the solute concentration in solution [M L-3], s is the 
solute concentration adsorbed to the soil [M M-I], D1w is the dispersion coefficient [L2 Tl] 
in the liquid, x is the vertical distance, and t is time. 
Considering the following equation to describe water flow and water balance with respect to 
Darcy's Law: 
aB = _ aqi _ S ~ S = _ aB _ aqi 
at aXi at aXi 
where Sis the sink term [L3 L-3 Tl]. Incorporating Equation 3 into Equation 2, and 
expanding Equation 2 further, the following equations are developed: 
B-+c-+p-=- BD - -q--c-ac aB as a ( w ac) ac aq 





oc ( os ) 0 ( w oc) oc 
- B+p- =- BDJ - -q-+cS 




where R is the retardation factor. 
NICA model (two-site nonlinear adsorption) 
(9) 
where SI describes the adsorption of P04 on the first binding sites as follows: 
where S2 describes the adsorption ofP04 on the second binding sites as follows: 
(K . [PO ]'\..P04.2 ~(K. [PO ]'\..P04.2 + (K . [OH]\nOH.2 ')p2 
_ Q. P04.2 4 ) • ~ P04 .2 4 } OH,2 J J 
S2 - max,2 (Kpo4 •2 • [P04]rp O.2 + (KOH 2· [OH]!OH.2 1 + [(KpO•2 • [P04]fPO.2 + (KOH•2 • [OH]!OH.2 f2 
(11) 
where Qmax is the total amount ofbinding sites (mol kg-1), Kp04 is a median affinity 
constant for component P04-3, KOH is a median affinity constant for component OH-l, 
[P04] is the concentration of component P04-3 (mol L-1), [OH] is the concentration of 
component OH-1 (mol L-1), c is the solute concentration in solution (mol L-1), S is the 
solute concentration adsorbed to the soil (mol kg-1), np04 accounts for the non-ideality 
behaviour of component P04-3, nOH accounts for the non-ideality of component OH-l, and 
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p represents the intrinsic heterogeneity of the soil surface and is common to all 
components. The two adsorption sites are represented by subscripts 1 and 2, respectively 
The differentiation of orthophosphates in its different forms (H3P04, H2P04-1, HP04-2, 
P04-3) is considered by the HYDUS-NICA mode1 and described in the following 
equation as dependent on pH. Considering the following equation regarding the 
speciation of orthophosphates in the soil solution: 
c 
c = -...."..,-::------:-----,-,-:-:--------:-----,-,-...,..,---(10 21.7 .H 3 )+(1019.55 .H 2)+(1012.35 ·H) 
(12) 
(13) 
Where c is the concentration OfP04-3 in solution, the value 2.17 refers to the pKa of 
H3P04, the value 19.55 refers to pKa ofH2P04-1, and the value 12.35 refers to the pKa of 
HP04-2. The term pKa refers to the acid ionization constant of the compound. 
Assuming that pH is constant through the simulations, the following equations are 
formed 
a - (K . [OH lv.oH,l ! - OH,! J) (14) 
a - (K . [OH lv.OH, 2 
2 - OH,2 J) (15) 
Incorporating Eqautions 14 and 15 in equations 10 and Il, respective1y, the final NICA 
model equations used in the HYDRUS-NICA model is deve1oped: 
(16) 
s = Q2(K2c)"2 . [cK2c)"2 +a2t 
2 (K2c)"2 +a2 1+ [cK2c)"2 +a2f2 (17) 
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where Q is the total amount ofbinding sites (mol kg-1), K is a median affinity constant for 
component P04-3, c is the concentration of component P04-3 (mol L-1), n accounts for the 
non-ideality behaviour of component P04-3, and P represents the intrinsic heterogeneity 
of the soil surface and is common to aU components. The two adsorption sites are 
represented by subscripts 1 and 2, respective1y 
Differentiating the NICA mode1 equations (Equations 16 and 17), s (concentration adsorbed) 
with respect to c (concentration in solution) to obtain the foUowing equation for Bs/Bc. 
(x· y)' = yx' +xy' (;) 
Bs = [<Klcfl +aJI [QI~Knlcnl-'al]+ QI (Klcfl [PI (Klct1 +al -1~Klnlcnl-l] 
Bc 1+ [<Klcfl +aJI ((Klct1 +a,) (Klcfl +a, 1+[<Klcfl +aJI 
+ [<K2cfz +a2t [Q2n2KnzcnZ-'a2]+ Q2(K2cf2 [P2 (K2c)nz +a2 2-ln2K;2cn2-1] 
1 + [<K2cfz +a2fz ((K2ct2 +a2) (K2cf2 +a2 1 + [<K2cfz +a2fz 
(18) 
Then the ratio Bs/Bc is then incorpoted in the retardation equation R (Equation 8), to 
describe the retardation of the P04 anions form being transported through solute transport, 




Date: Wed, 05 Jul 2006 1 0:~5 :48 -0700 [07/05/2006 01 :25 :48 PM EDT] 
From: Jiri Simunek <Jiri.Simunek@ucr.edu> ................................ . 
To: 'Joumana Abou Nohra' <joulllana.aboun0hr~@mcg!ll~ca> 
Subject: RE: HYDRUS-Code 
Joumana, 
Feel free to use the code anyway you want. Certainly inc1ude it in your 
thesis if needed. 
Jirka 
-----Original Message-----
From: Joumana Abou Nohra [mailto:joumana.abounohra@mcgill.ca] 
Sent: Wednesday, July 05, 2006 9:44 AM 
To: Jiri Simunek 
Subject: HYDRUS-Code 
Hello Prof. Simunek, 
1 would like to first thank you for all your he1p and technical support to provided me; 1 
was able to modify the HYDRUS code to inc1ude a new adsorption equation for 
phosphorus. However, 1 did modify three subroutines in the source code you provided me 
and 1 am planning to insert these three modified subroutines in my thesis. 1 would like to 
ask you if 1 am a1lowed to do that? Is the HYDRUS source code in the public domain? If 
not 1 can only specify the modifications 1 have done. The HYDRUS source code you 
provided me indicate the following: 
"Numerical mode1 of one-dimensional variably saturated water flow, heat transport, and 
transport of solutes involved in sequential first-order decay reactions version 7.0; 
Designed by J.Simunek, K. Huang and M. Th. van Genuchten (1996); Based on model 
SWMS_ID - J. Simunek (1992); Last modified: July, 1998". 
Thankyou 
Joumana 








AU the code is written in FORTRAN 90 
Modification to the ChemIn subroutine found in the INPUT. FOR nie 
The explanation of all the variables in this code are complete1y explained in the 
HYDRUS-1 D Manual which is found under the following reference: 
Simunek, J., van Genuchten M.Th., and Sejna, M. 2005. The HYDRUS-ID 
Software Package for Simulating One-Dimensional Movement ofWater, Heat, 
and Multiple Solutes in Variably-Saturated Media. Version 3.0. Department of 
Environmental Sciences, University of California Riverside, USA, p .270 
This subroutine reads all the paramters and information pertinent to the solute 
being studied from INPUT.FOR file, which the user provides. 
Read information about solute transport 




logicallUp W ,ITDep,ILinear(NS),lEquil,IArtD,IScreen,lInverse, 
! lTort,IMobIm(NMat) 
dimension ChPar(NSD*27+4, NMat),TDep(NSD*27+4),cTop(NS),cBot(NS), 
! CurnCh(5,NS) 
if(IScreen) write(*, *) 'reading solute transport information' 
IInverse= .false. 
if(NVarS.gt.O) IInverse=.true. 
write( 50, Il 0,err=902) 
read(30, * ,err=901) 
read(30, * ,err=901) 
read(30,*,err=901) epsi,IUpW,IArtD,lTDep,cToIA,cToIR,MaxItC,PeCr, 
! NS,lTort 





if(lArtD) write(50,140,err=902) PeCr 
end if 
write( 50, 150,err=902) ITDep,cToIA,cToIR,MaxItC 
read(30, *,err=901) 
lEquil=.true. 
In the next step~ the program is reading the four solute transport param~ters 
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do Il M=l,NMat 
if(lInverse) then 









do 13 jj= 1 ,NS 
jjj=Gj-1 )*27 
write(50,170,err=902) jj 
read(30, * ,err=901) 
if(lInverse) then 
read(30, * ,err=90 1) 
else 
read(30, *,err=901) (ChParGjj+j,1)j=5,6) 
end if 
write(50,180,err=902) (ChParGjj+j,1)j=5,6) 
read(30, * ,err=90 1) 
lLinearGj)=. true. 
In the following commands, the program reads the chmical reaction parameters 
related to P04 adsorption and especially the new NICA model parameters that 
were introduced. 











else if(abs(ChParGjj+9,M)-1.).gt.O.001) then 
write(50,210,err=902) M 

























do 14 jj=1,NS*27+4 
TDep(jj)=O. 
continue 
do 16 jj=l,NS 








read(30, * ,err=90 1) 
read(30, * ,err=90 1) (TDep(jjj+j)j=7 ,31) 
end if 
continue 




read(30, * ,err=901) 
read(30,*,err=901) dSurf,cAtm 
end if 
write( 50,230,err=902) kTopCh,( cTop(jj)jj= 1 ,NS) 
write( 50,240,err=902) kBotCh,( cBot(jj)jj= 1 ,NS) 
read(30, * ,err=901) 
read(30, *,err=901) tPulse 
write(50,250,err=902) tPu1se 
return 
Error when reading from an input file 
ierr=l 
return 




110 fonnat(ll' Solute transport infonnation'/1X,28('='» 
120 fonnat(/' Upstream weighting finite-element method') 
130 fonnat(/' Galerkin finite-element method') 
140 fonnat (l' Artificial dispersion is added when Peclet number is', 
l ' higher than',fI 0.3) 
150 fonnat(//' ITDep cTolA cTolR MaxItC'/13,e13.3,fIOA,i71 
1 Il' Mat. Bulk.D. DispL Fraction Immobile WC') 
160 fonnat(i3,fI3A,3fIOA) 
170 fonnat(/' Dif.w. Dif.g. ',50('-'),' (',i2,'.solute)') 
180 fonnat(2e12AI' Mat. KS Nu Beta Henry 
1 SinkLl SinkSl SinkG1 SinkL1' SinkS1' SinkG1' 
1 SinkLO SinkSO SinkGO Alfa') 
190 fonnat(i4,24e11A) 
200 fonnat(/' Langmuir nonlinear adsorption isothenn for material " 
1 i2) 
210 fonnat(/' Freundlich nonlinear adsorption isothenn for material " 
1 i2) 
220 fonnat(/' No adsorption or linear adsorp. isothenn for material " 
1 i2) 
222 fonnat(/' Physical non-equilibrium solute transport with mobile an 
Id imobile water.') 
224 fonnat(/' Chemical non-equilibrium solute transport with kinetic a 
lnd equilibrium sorption sites.') 
230 fonnat(/' kTopCh cTop(1...NS)'/i4,7x,6elO.3) 
240 fonnat(/' kBotCh cBot(1...NS)'/i4,7x,6elO.3) 
250 fonnat(/' tPulse = ',fI5.3) 




Modification in ail modules 
to add the Il paramters required by the NICA model. The parameters are 
are defined and described in Chapters 3 and 4. 
Change ChPar (NSD*16+4, NMat) to ChPar (NSD*27+4, NMat) 
Change jjj=Gj-1)* 16 to jjj=Gj-1 )*27 
Change TDep (NSD*16+4) to TDep (NSD*27+4) 
*111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 
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Modification in the SubReg subroutine in the OUTPUT.FOR fIle 
subroutine SubReg(N ,NMat,NLay,hN ew, ThN, ThO,x,MatgNum,LayNum,t,dt, 
! CosAlf,Conl ,Con2,ConN ,ConM,IChem,Conc,ChPar, 
PLeyel,ths, wCumT, wCumA,cCumT,cCumA, wVolI,c VolI, 
WatIn,SolIn,IWat,lTemp,Temp,TPar,TDep,NS,NSD, 




dimension hNew(N), ThN(N), ThO(N),x(N),MatNum(N),LayNum(N), 
! Conc(NSD,N),ChPar(NSD*27+4,NMat),ths(NMat),cCumA(NS), 
cCumT(NS),c VolI(NS), WatIn(N),SolIn(N), Temp(N), 
TPar(l O,NMat), TDep(NSD*27+4),Sorb(NSD,N),hMean(1 0), 

















do 11 jS=I,NS 
cTot(jS)=O. 
ConVol(jS)=O. 















































TN ewE=dx*((Temp(i)+ 273 . 15)*(TPar(2,Mi)*TPar(7 ,Mi)+ 
TPar(3,Mi)*TPar(8,Mi)+ TPar(9 ,Mi)*ThN (i»+ 
(Temp(j)+ 273 . 15)*(TPar(2,Mj)*TPar(7 ,Mj)+ 
TPar(3,Mj)*TPar(8,Mj)+ TPar(9 ,Mj)*ThN (j) )/2. 
TVol=TVo1+TNewE 






do 14 jS=I,NS 
jjj=GS-l )*27 
eE=( ConeGs,i)+ConeGs,j) )/2 
TTi=(Temp(i)-Tr)/R/TT/Tr 
xKsi=ChParGjj+ 7,Mi)*exp(TDepGjj+ 7)*TTi) 
xNui=ChParGjj+ 8,Mi)*exp(TDepGjj+ 8)*TTi) 
tExpi=ChParGjj+ 9,Mi)*exp(TDepGjj+ 9)*TTi) 











pHi=ChParGjj+ 31 ,Mi) 
TTj=(TempG)-Tr)/R/TT /Tr 
xKsj=ChParGjj+ 7,Mj)*exp(TDepGjj+ 7)*TTj) 
xNuj=ChParGjj+ 8,Mj)*exp(TDepGjj+ 8)*TTj) 
tExpj=ChParGjj+ 9,Mj)*exp(TDepGjj+ 9)*TTj) 

















Conel GS,i)=ConeGS,i)/«(1 O. **21. 7)* 
(Hi**3))+«(1 O. **19.55)*(Hi**2))+«(1 O. **12.35)*(Hi+ 1))) 
Hj=10**-pHj 
Conel GSj)=ConeGSj)/«(1 O. **21.7)* 
(Hi**3))+«(1 O. **19.55)*(Hi**2))+«(1 O**12.35)*(Hi+ 1))) 
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The new equation of the NICA model was introduced in the following commands 
to replace the old Freundlich and Langmuir Equations. These equations are used 
part of the calculations for the mass balance. 
if(.not.lLinear(jS)) then 
if(Concl (jS,i).gt.O.) Cl =«xQm1 i*(xKP1i*Concl (jS,i))**np 1 i)* 
««xKP 1 i*Conc1 (jS,i))**np 1 i)+xa1 i)**p li)/(l.+««xKPl i* 
Conc1 (jS,i))**np1i)+xa1i)))/«(xKP1i*Conc1 (jS,i))** 
np1i)+xa1i))+«xQm2i*(xKP2i* Conc1(jS,i))**np2i)*«( 
(xKP2i*Conc1(jS,i))**np2i)+xa2i)**p2i)/(1.+««xKP2i* 









(thN(i)-ChPar( 4,Mi)+ChPar(3,Mi)*ChPar(l ,Mi)*C 1 + 
(ths(Mi)-ThN (i) )*Henryi)+ 
Conc(j Sj)*( thN (j)-ChPar( 4,Mi)+ChPar(3 ,Mj)*ChPar( 1 ,Mj)*C2+ 
(ths(Mj)-ThN (j) )*Henryj)) 
Con Vol(jS)=Con Vol(jS)+cNewi 
ConSub(jS,Lay)=ConSub(jS,Lay)+cNewi 














(ChPar( 4,Mj)+(1.-ChPar(3,Mj) )*ChPar(l ,Mj)*xKsj *S2)) 
else 
cNewiIm=dxl2. * (ChPar(l ,Mi)*Sorb(jS,i)+ 
ChPar(l,Mj)*Sorb(jSj)) 
end if 













if(lWat) DeltW=DeltW +abs(WatIn(i)-vN ewi) 
if(lChem) DeltC=DeltC+abs(SolIn(i)-cE 1) 
end if 
15 continue 
do 17 Lay= 1 ,NLay 
if((lWat.or.PLevel.eq.O).and.Area(Lay).gt.O.) 
! hMean(Lay)=hMean(Lay)/ Area(Lay) 
if(lTemp.and.Area(Lay).gt.O.) TMean(Lay)=TMean(Lay)/ Area(Lay) 





if((lWat.or.PLevel.eq.O).and.ATot.gt.O.) hTot=hToti ATot 
if(lTemp.and.ATot.gt.O.) TTot=TToti ATot 
do 18 jS=l,NS 
if(lChem.and.ATot.gt.O.) cTot(jS)=cTot(jS)/ ATot 
if(lChem.and.jS.eq.1) ccTot=Con Vol(jS)+Con VolIm(jS) 
18 continue 
vI =-(Con1 +Con2)/2. *((hNew(2)-hNew(1» /(x(2)-x(1» +CosAlf) 





write(76,140,err=901) ATot, (Area(i),i=l,NLay) 
if(lWat.or.PLevel.eq.O) then 
write(76, 150,err=90 1) Volume,(Sub Vol(i),i= 1 ,NLay) 
write(76, 160,err=901) Change,(SubCha(i),i= 1 ,NLay) 
write(76,170,err=901) hTot, (hMean(i),i=I,NLay) 
end if 
if(lTemp) then 
write(76,180,err=901) TVol, ( SubT(i),i=I,NLay) 




do 19 jS=I,NS 
write(76,200,err=901) jS,Con Vol(jS),(ConSub(jS,i),i= 1 ,NLay) 
if(.not.1Equil) write(76,201 ,err=901) 
jS,Con VoIIm(jS),(ConSublm(jS,i),i= 1 ,NLay) 
write(76,210,err=901) jS,cTot(jS), (cMean(jS,i),i=I,NLay) 
19 continue 
end if 
if(lWat.or.PLeve1.eq.O) write(76,220,err=901) vN,vl 
end if 












if(lPrint) write(76,230,err=901) wBalT 
ww=amaxl (DeltW,wCumA) 
if(ww.gt.l.e-25) then 
wBalR =abs(wBaIT)/ww* 1 00. 




do 21 jS=I,NS 
cBalT=Con Vol(jS)+Con VoIIm(jS)-c VOlI(jS)+cCumT(jS) 
if(lPrint) write(76,250,err=901) jS,cBalT 
cc=amaxl(DeltC,cCumA(jS)) 
if( cc.gt.l.e-25) then 
cBaIR=abs(cBaIT)/cc*100. 








* Error when writing into an output file 
901 ierr=l 
retum 
110 fonnat(/' -----------------------------------------------------'/ 
'Time [T]',fl2.4/ 
,-----------------------------------------------------') 
120 fonnat(' Sub-region num. ',9(I7,4x)) 
130 fonnat( ,-----------------------------------------------------') 
140 fonnat(' Area [L] ',e1l.3,gell.3) 
150 fonnat(' W-volume [L] ',ell.3,gell.3) 
160 fonnat(' In-flow [LIT] ',el l.3,gel l.3) 
170 fonnat(' h Mean [L] ',el l.3,gel l.3) 
180 fonnat(' HeatVol [MlT2] ',el l.3,lOel l.3) 
190 fonnat(' tMean [K] ',fll.3,10fll.3) 
200 fonnat(' ConcVol [MlL2] ',il,lx,ell.3,10ell.3) 
201 fonnat(' ConcVolIm[MlL2] ',il,lx,ell.3,10ell.3) 
210 fonnat(' cMean [MlL3] ',il,lx,e1l.3,10ell.3) 
220 fonnat(' Top Flux [LIT] ',el 1.3/ 
, Bot Flux [LIT] ',el 1.3) 
230 fonnat(' WatBalT [L] ',ell.3) 
240 fonnat(' WatBalR [%] ',fll.3) 
250 fonnat(' CncBalT [M] ',il,lx,ell.3) 
260 fonnat(' CncBalR [%] ',il,lx,fll.3) 
end 
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Modification in the Coeff subroutine in the SOLUTE.FOR me 
Calculate the dispersion coefficients, retardation factors, source/ 
decay coefficients, Pec1et and Courant numbers, upstream weighting 
factors 
subroutine CoeffGS,Level,NLevel,NumNP ,NMat,NSD,x,Disp, va, vN ,thO, 
! thN,thSat,ChPar,MatNum,TempN,TempO,TDep,gO,gl, 
Retard,Conc,cNew,cPrevO,dt,Pec1et,Courant,dtMaxC, 
ILinear,lEquil,IUp W ,IArtD,Iter, wc, vCorr,SorbN, 












TanH(z)=( exp(z)-exp( -z»/( exp(z)+exp( -z» 
Inicialization 
jjj=(jS-l )*27 






























ThG=amax 1 (O.,thSat(M)-Th W) 




















TT=(TempO(i)+ 273.15-Tr)/R/(TempO(i)+273 . 15)/Tr 
if(jS.gt.1) cPrev=cPrevO(i) 
end if 
ro =ChPar(l, M)*exp(TDep(1) * TT) 
Frac =ChPar(3, M)*exp(TDep(3) *TT) 
Dw =ChPar(jjj+ 5,M)*exp(TDep(jjj+ 5)*TT) 
Dg =ChPar(jjj+ 6,M)*exp(TDep(jjj+ 6)*TT) 
xKs =ChPar(jjj+ 7,M)*exp(TDep(jjj+ 7)*TT) 
xNu =ChPar(jjj+ 8,M)*exp(TDep(jjj+ 8)*TT) 
tExp =ChPar(jjj+ 9,M)*exp(TDep(jjj+ 9)*TT) 
Henry=ChPar(jjj+ 1 O,M)*exp(TDep(jjj+ 1 O)*TT) 
GamL =ChPar(jjj+ Il ,M)*exp(TDep(jjj+ Il )*TT) 
GamS =ChPar(jjj+ 12,M)*exp(TDep(jjj+ 12)*TT) 
GamG =ChPar(jjj+ 13,M)*exp(TDep(jjj+ 13)*TT) 
GamL1 =ChPar(jjj+ 14,M)*exp(TDep(jjj+ 14)*TT) 
GamS 1 =ChPar(jjj+ 15,M)*exp(TDep(jjj+ 15)*TT) 
GamG 1 =ChPar(jjj+ 16,M)*exp(TDep(jjj+ 16)*TT) 
xMuL =ChPar(jjj+ 17,M)*exp(TDep(jjj+ 17)*TT) 
xMuS =ChPar(jjj+ 18,M)*exp(TDep(jjj+ 18)*TT) 
xMuG =ChPar(jjj+ 19,M)*exp(TDep(jjj+ 19)*TT) 
Omega=ChPar(jjj+20,M)*exp(TDep(jjj+20)*TT) 
if(jS.gt.1) then 
xKsP =ChPar(jj1+ 7,M)*exp(TDep(jj1+ 7)*TT) 
xNuP =ChPar(jj 1 + 8,M)*exp(TDep(jj 1 + 8)*TT) 
tExpP =ChPar(jj 1 + 9,M)*exp(TDep(jj 1 + 9)*TT) 
HenryP=ChPar(jj 1 + 1 O,M)*exp(TDep(jj 1 + 1 O)*TT) 
GamL1P=ChPar(jj1 + 14,M)*exp(TDep(jj 1 + 14)*TT) 
GamS1 P=ChPar(jj 1 + 15,M)*exp(TDep(jj1 + 15)*TT) 




xKsO =ChPar(jjj+ 7,M)*exp(TDep(jjj+ 7)*TTO) 
xNuO =ChPar(jjj+ 8,M)*exp(TDep(jjj+ 8)*TTO) 
188 
fExpO =ChPar(jjj+ 9,M)*exp(TDep(jjj+ 9)*TTO) 
HenryO=ChPar(jjj+ 1 O,M)*exp(TDep(jjj+ 1 O)*TTO) 
GamLO =ChPar(jjj+ Il ,M)*exp(TDep(jjj+ Il )*TTO) 
GamLl O=ChPar(jjj+ 14,M)*exp(TDep(jjj+ 14)*TTO) 
GamSO =ChPar(jjj+ 12,M)*exp(TDep(jjj+ 12)*TTO) 
GamS 1 O=ChPar(jjj+ 15,M)*exp(TDep(jjj+ 15)*TTO) 
xMuLO =ChPar(jjj+ 17,M)*exp(TDep(jjj+ 17)*TTO) 
xMuSO =ChPar(jjj+ 18,M)*exp(TDep(jjj+ 18)*TTO) 
OmegaO=ChPar(jjj+20,M)*exp(TDep(jjj+20)*TTO) 
dKs =(xKs - xKsO)/dt 
dNu =(xNu - xNuO)/dt 
ddExp =(fExp - fExpO)/dt 
dHenrryr-={He~-HenryO)/dt 
if(i.ne.l) TTi=(TempN(k)+273. 15-Tr)/R/(TempN(k)+273. 15)/Tr 
if(i.ne.NumNP) TTj=(TempN(j)+ 273.15-Tr)/R/(TempN(j)+ 273 . 15)/Tr 
else 
TTN=(TempN(i)+273. 15-Tr)/R/(TempN(i)+273. 15)/Tr 
xKsN =ChPar(jjj+ 7,M)*exp(TDep(jjj+ 7)*TTN) 
xNuN =ChPar(jjj+ 8,M)*exp(TDep(jjj+ 8)*TTN) 
fExpN =ChPar(jjj+ 9,M)*exp(TDep(jjj+ 9)*TTN) 
He~N=ChPar(jjj+ 1 O,M)*exp(TDep(jjj+ 1 O)*TTN) 
dKs =(xKsN - xKs)/dt 
dNu =(xNuN - xNu)/dt 
ddExp =(fExpN - fExp)/dt 
dHenrryr-=(He~N-He~)/dt 
if(i.ne.1) TTi=(TempO(k)+273.15-Tr)/R/(TempO(k)+273.15)/Tr 
if(i.ne.NumNP) TTj=(TempO(j)+273. 15-Tr)/R/(TempO(j)+273. 15)/Tr 
end if 
if(i.ne.1) Henryi=ChPar(jjj+ 1 O,MatNum(k)) * exp(TDep(jjj + 1 O)*TTi) 
if(i.ne.NumNP) 
















Effects ofnonlinear adsorption: in the following commands the new ratio os/oc 








cc=cc/«(l O. **21.7)* (H**3»+«1 O. **19.55)*(H**2»+ 
«(10. **12.35)*(H+ 1»)*1 000 
Calculate the concentration of solute adsorbed using the NICA equation 
dSConc=«««xKPl *cc)**npl )+xal )**pl)/(l.+««xKPl *cc)**npl) 
+xal)**pl»)*«xQml *npl *(xKPl ** npl)* (cc**(npl-l»*xal)/ 
««xKPl *cc)**npl)+xal)**2»)+ 
«(xQml *(xKPl *cc)**npl)/«(xKPl *cc)**npl)+xal»*«pl *npl *(xKPl 
**np 1 )*( cc**npl-l )*««xKPl *cc)**npl )+xal )**(pl-l »)/«(1.+«« 
xKPl *cc)**npl)+xal)**pl»**2»)+ 
«««xKP2* cc)**np2)+xa2)**p2)/(1 +««xKP2*cc)**np2)+xa2) 
* *p2»)*«xQm2*np2*(xKP2**np2)*(cc**(np2-l»*xa2)/««xKP2*cc) 
* *np2)+xa2)* *2»)+ 
«(xQm2 * (xKP2 *cc)* *np2)/«(xKP2*cc)* *np2)+xa2»*«p2*np2*(x KP2 
**np2)*( cc**(np2-1 »*««xKP2*cc)**np2)+xa2)**(p2-1 »/«(1 +«« 
xKP2*cc)**np2)+xa2)**p2»**2»» 
SConc = cc**(tExp-l.)/(l.+xNu*cc**tExp) 
end if 





«(10. **12.35)*(H+ 1») 
Calculate the concentration of solute adsorbed using the NICA equation 
dConc=«««xKPl *cMid)**npl)+xal)**pl)/(l.+««xKPl *cMid) 
**npl)+xal)**pl»)*«xQml *npl *(xKPl **npl)*{çMid**(npl-l» 
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*xal)/««xKPl *cMid)**npl)+xal)**2»)+ 
«(xQml *(xKPl *cMid)**npl)/«(xKPl *cMid)**npl)+xal»*«pl *npl * 
(xKPl **npl )*( cMid**(npl-l»*««xKPl *cMid)**npl)+xal)**(pl-l» 
)/«l.+««xKPl *cMid)**npl)+xal )**pl »**2»)+ 
«««xKP2*cMid)**np2)+xa2)**p2)/(l.+««xKP2*cMid)**np2)+xa2) 
**p2»)*«xQm2*np2*(xKP2**np2)*(cMid**(np2-1»*xa2)/««xKP2* 
cMid) * *np2)+xa2) * *2»)+ 
«(xQm2 * (xKP2 *cMid)* *np2)/«(xKP2 *cMid) * *np2)+xa2»*«p2*np 2* 
(xKP2**np2)*(cMid**(np2-1»*««xKP2*cMid)**np2)+xa2)**(p2-1» 
)/«l.+««xKP2*cMid)**np2)+xa2)**p2»**2») 
Calculate the retardation factor (R) 
dRetard=cMid**fExp/(l.+xNu*cMid**fExp)*dKs-
xKs*cMid**(2. *fExp )/(l.+xNu*cMid**fExp )**2*dNu+ 
xKs*alog( cMid)*cMid**fExp/(l. +xNu*cMid**fExp )**2*ddExp 
end if 















xKs*sMid**(2. *fExp )/(l.+xNu*sMid**fExp )**2*dNu+ 
xKs*alog(sMid)*sMid**fExp/(l. +xNu*sMid**fExp )**2 *ddExp 
end if 







Calculate the retardation factors 
Retard(i)=(ro*Frac*dConc+ ThG*Henry)/Th W+ 1. _ 
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Disp(i)=ChPar(2,M)*abs(v)/Th W+Dw*Tau W+ ThG/Th W*Dg*Henry*TauG 
if(.not.lArtD.and .. not.lUpW) then 
fi=O. 
if( cMid.gt.O.) 
fi=6. *Th W*ro*dConc 













Calculate the adsorbed concentration on kinetic sites or 








EMobI=ThImob*xMuL +(I.-Frac)*ro*xMuS -(I.-Frac)*ro*dRetardS 
if(Level.eq.NLevel) EMobIO= 
ThImob*xMuLO+(I.-Frac)*ro*xMuSO-(l.-Frac)*ro*dRetardS 
DMobI=2. * AMobI+dt*(Omega+BMobI) 
GMobIO=(2. * AMobI-dt*(Omega+BMobI»/ 






if( .not.lLinearG S» then 
SorbN(i)=SorbGS,i)+dtlAMobI* ( epsi *(Omega * 



























Calculate zero-order coefficient gO 
gO(i)=xMuL *Th W+Frac*ro*xMuS+ ThG*xMuG-
Sink(i)*amin1(ConcGS,i),cRootMax) 












ThG*HenryP*GamG 1 P) 
if(.not.lEquil) then 
if(IMobIm(M)) then 
cG=cG+Sorb(jS-l ,i)*(Thlmob*GamLl P+ 
(l.-Frac)*ro*GamS IP*xKsP*SConcPS) 
else 






if( cMid.gt.O.) gO(i)=gO(i)-ro*Frac*dRetard 
Calculate first-order coefficient gl 
gl (i)=-(GamL+GamLl)*ThW-(GamS+GamS 1)*ro*Frac*xKs*SConc-
(GamG+GamG 1 )*ThG*Henry 
if(.not.lEquil) then 
if(lMobIm(M)) then 
gl (i)=gl (i)-Omega 
if(Level.eq .NLevel.and.lLinear(j S)) 
gl (i)=gl (i)+Omega*dt*OmegaIDMobI 
else 
gl(i)=gl(i)-Omega*ro*(I.-Frac)*SConc*xKs 





(GamG+GamG 1 )*ThG*Henry)*Conc(jS,i) 
if(.not.lEquil) then 
if(IMobIm(M)) then 
q 1 (i)=q 1 (i)-Sorb(jS,i)* 
(ThImob*(GamL+GamLI)+(I.-Frac)*ro*xKs*SConcS*(GamS+GamSl)) 
else 







else if(i.eq.NumNP) then 
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dx=x(NumNP)-x(NumNP-l) 
derK =(Henry-Henryi)/ dx 
e1se 
dx=(x(j)-x(k) )/2. 













vMax=amax 1 (abs(v)1Th W,abs(vj}lThj) 
RMin=amin 1 (Retard(i),Retard(j» 
if(DD.gt.O.) Pec=abs(vv)*dxIDD 
Cour=vMax* dtldx/RMin 
Pec1et=amax 1 (Peclet,Pec) 
Courant=amaxl (Courant, Cour) 
Cour 1 =CourMax 
if(.not.1UpW.and .. not.1ArtD) then 
if(Pec.ne.99999.) Courl=aminl(1.,PeCr/amaxl(O.5,Pec» 
end if 
if(vMax.gt.l.e-20) dtMax=Courl *dx*RMinlvMax 
dtMaxC=aminl (dtMaxC,dtMax) 
Calculate upstream weighting factors 





















The data presented in this appendix is related to the results collected from the re-
constructed soil column experiment that was described in Chapter 5. The results 
presented were collected during the last set of experiments, and are divided into parts: the 
water flow and phosphate (P04) transport data. Furthemore, these results were then 
compared to the results simulated by the HYDRUS-ID data (Sections CA and C.5). 
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C.4. Comparing the results regarding moisture content; using the results obtained 
from the HYDRUS-ID Model, HYDRUS-ID calibrated with ROSETTA, and 
the measured data from the re-constructed column experiment for both 






















0 10 20 30 
rime (hour) 





El 0.45 (.) 











0 5 10 15 20 25 30 35 
time (hours) 
--e- Measured -lNDRUS-lD ~ lNDRUS-ID-Cahbrated 
200 
C.5. Comparing the results regarding P04 transport; using results obtained from 
the HYDRUS-ID Model, HYDRUS-ID calibrated with ROSETTA, and the 
measured data from the re-constructed column experiment for both column 
land 2. 
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